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ABSTRACT
Each of the three parts of this dissertation research involves organic
synthesis, monomer polymerization and polymer characterization, analytical
chemistry and host-guest chemistry. The overall goal is to synthesize several
different types of novel monomers and polymers wliich contain crown ether
units and then study their complexation behavior with metal cations by
sorption measurement, liquid-liquid or liquid-solid extraction or membrane
transport tecliniques. The types of crown ether polymers described in the
dissertation include fonnaldehyde condensation crosslinked resins, linear
styryl-type polymers and polyamides.
In tlie first part of the research, the influence of adding alkali-metal
cations in the fonnaldehyde polymerization of dibenzo polyethers was
investigated. It was found that cation complexation of the dibenzocrown ether
monomer duninished the efficiency of tlie polymerization process, neutral
crown ether resins and crown ether carboxylic acid resins with different levels
of crosslinking were also prepared and their alkali-metal ion sorption
efficiency and selectivity have been studied. Lastly, formaldehyde dibenzo18-crown-6 resins with varying levels of phosphonic monoacid and diacid
group substitution were also prepared. The effect of the identity and level of
the phosphonic acid groups on alkali-metal cation sorption by the resins was
investigated.
The second part of the research in tlie dissertation was the syntliesis of
some novel linear styryl-type crown ether polymers, some of which include
ion-exchange sites in the polymer structure. The influence on metal picrate

vin

extractions for variation of the crowai ether substituent group, side arm and
spacer group between crown ether unit and polymer backbone in the
polymers was studied. Factors, including the introduction of crown etlier units
and preorganization of the ion-exchange site relative to crown ether cavity,
were also examined with regard to their effects on the metal cation sorption
behavior of the ion-exchange crown ether polymers.
The final part of tlie research in the dissertation involves the synthesis
and characterization of a number of novel crown ether polyamide esters and
acids. The crown etlier units were incorporated within tlie polymer
backbones. Some of the prepared polyamides could be cast to fonn
mechanically strong membranes. This feature is crucial for potential
applications in industry. Alkali-metal cation sorption by the crown ether
polyamide acids and transport of alkali-metal cations across crown ether
polyamide carboxylic acid membranes were investigated.
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CHAPTER I
REVIEW OF CROWN ETHER POLYMERS
Introduction
There was no real investigation of crown ether compounds until 1967
when C. J. Pedersen reported the synthesis and metal cation complexation
behavior of a large number of macrocyclic polyethers, such as compound
1.1 "3 Naming such compounds by the lUPAC (International Union for Pure
and Apphed Chemistry) nomenclature system is cumbersome. Therefore,
Pedersen proposed a more compact nomenclature system based on the family
name of "crown." In tliis system, compound 1 is identified as dibenzo-18crowii-6. The numbers 18 and 6 are the total number of atoms and the number
of oxygen atoms in the polyether ring, respectively. Tliis system of
nomenclature has become a widely accepted notation for crown ethers,
altliougli there may be still some ambiguity concerning the locations of
heteroatoms and substitutent groups.

o

o

o

o
1

Crown ethers can complex with alkali-metal and alkaline earth-metal
cations and sometimes with other metal cations and neutral molecules.
Several types of metal cation complexes of crown ethers are 1:1 nesting! and

1

percliing complexes^ and 2:1 sandwich complexes. 1»^ This classification is
based on the number ratio and the degree of contact between the crown ether
host and the metal cation guest as shown in Figure 1.1. For a nesting
complex, the metal cation is small enougli to enter the crown etiier ring and is
completely encircled by the crown ether. Perching complexes occur when the
metal cation is too large to allow the fonnation of a nesting complex.
Sandwich complexes have been observed for bis-crown ethers and crown
ether polymers in which the crown ether units are in close proximity. Thus
two neigliboring crown ether units can simultaneously form perching
complexes with the same metal cation. For crown ethers with large cavities
and small metal cations, a fourth type of complex, a 1:2 crown ether-cation
complex, may also be formed.

a

Figure 1.1. Illustration of a crown ether-metal ion (a) nesting complex,
(b) percliing complex and (c) sandwich complex.

Owing to their ability to fonn stable metal cation complexes, crown
ethers have wide applications in phase-transfer catalysis, carrier-mediated ion
transport tlirougli membranes (solid and liquid), cliromatographic separation
of ions and neutral solutes, cliromogenic reagents for photometric analysis of

metal ions, etc. However, sometimes crown ethers have their own problems.
One negative factor is that some crown ethers are physiologically active
compounds wliich makes their handling and application more difficult.^
Additionally, some crown etlier metal complexes have appreciable water
solubility which is detrimental to the use of these crown ethers in the solvent
extraction of metal cations. Both problems are alleviated by incorporating the
crown ethers into polymers. Such polymers have the advantages of facile
recovery and regeneration, easy purification, and low toxicity.
Tlie binding characteristics of crown ethers could change significantly
when they are incorporated witliin a polymer backbone or attached as
pendent groups on a polymer.^ In a polymer, neigliboring crown ether units in
close proximity can form 2:1 crown ether-cation complexes as mentioned
above, especially for tliose cations with a larger diameter tiian that of the
crown ether cavity. Other effects on ion binding of crown etiier units in a
polymer arise from the presence of co-monomer units, restricted mobility of
tiie polymer structure, and increase of charge density along the polymer chain.
For crosslinked crown ether polymers, tiie crosslinking degree and swelling
of polymeric networks may also influence the ion binding behavior.
Crown ether polymers have been prepared by chain-growth addition
polymerization of vinyl derivatives of crown ethers, step-growth condensation
polymerization

of

bifunctional

derivatives

of

crown

ethers,

graft

polymerization of crown ethers onto polymer matrixes, cyclopolymerization
of bifunctional derivatives of crown ethers, electrochemical oxidation
polymerization of dibenzocrown ethers, etc. Crown ether graft polymers,
wliich are usually obtained by immobilizing crown ethers on organic supports.

such as polystyrene beads, cellulose derivatives and polypepetides, or
inorganic supports, such as silica gel, will not be considered further. In tliis
chapter, the remaining classes of crown ether polymers and their properties
will be reviewed according to the polymerization methods as classified above.
Crowai Ether Polymers from Addition Polymerization
Addition polymerization includes both radical and ionic polymerization
metiiods. The crown etiier monomer is syntiiesized by attaching a
polymerizable vinyl group to tiie crown ether compound. The first crown
etiier polymers, poly(viiiylbenzocrowii ether)s (2) and poly(vinyldibeiizo
crown etlier)s (3),^>^ reported by Smid and co-workers in 1971, were
prepared from the conesponding vinylbenzocrown and vinyldibenzocrown
ethers with radical or anionic polymerization initiators. The crown ether
monomers

were

syntiiesized

by

dehydration

of

4'-(l-hydroxyethyl)

benzocrown ether and analogous dibenzocrown ether compound.
Acrylate and acrylamide benzocrown ether monomers have been
synthesized by reaction of (liydroxymetiiyl)benzocrown or aminobenzocrown
ethers witii acryloyl, methacryloyl cliloride or acrylic anliydride.l^'l^ These
monomers were readily converted by addition polymerization

into

poly(acrylate)s, such as 4, and poly(acrylamide)s, such as 5, in wliich the
ester and amide groups, respectively, connect the benzocrown etiier units to
the

polymer

backbones.

Otiier

crown

ether

poly (aery late)s

and

poly(acrylamide)s without beiizo groups have also been reported and include
poly(methylene-16-crown-5 metiiacrylate) (6)17 and poly(N-acryloyl-Netiiyl-aminometliyl-15-crowii-5) (7). 1 ^

-fcH—CH2-^

o

q

CH3

c=o

c=o
/

C H2C H3

vu

The metal ion complexation behavior of polymers 2-5 which possess
pendent crown ether units has been evaluated. In general, the pendent crown
etiier units favor the formation of 2:1 crown ether-cation "sandwich"
complexes. Stereoregularity of the crown ether-pendent poly(methacrylate)s
has a significant effect on their metal binding abilities. Isotactic crown etherpendent poly(methacrylate)s exhibit a greater propensity for formation of
sandwich complexes with large cations than do the conesponding
syiidiotactic and attactic polymers. 11»1^ More details about the metal cation

complexation behavior of crown ether-pendent polymers will be presented in
Chapter III.
Polymer 6 formed complexes with LiC104. X-ray diffraction profiles
revealed that polymer 6 and its LiC104 complex both are amorphous. The
ionic conductivity of a film of 6-LiC104 complex showed it to be an ionic
conductor with a conductivity of 2xlO-'7 (Q cm)-l. Recently, the conductive
behavior of litliium complexes of poly(acrylate)s containing 12-crowii-4 and
14-crown-4 units was also reported. 1^ Higlier glass transition temperatures
were observed for lithium-doped poly(acrylate)s containing the 14-crowii-4
moiety, but liiglier conductivity was found for litliium-doped poly(acrylate)s
containing 12-crown-4 units. The influence of the length of the spacer group
between the crowii ether unit and the polymer backbone on tiie glass
transition temperature and ionic conductivity were also investigated in this
study. Another type of polymer electrolyte as studied by Cowie and coworkers is litliium or sodium-doped poly(phosphazene) with pendent 16crown-5, 15-crown-5 and 12-crovm-4 units.^0-22 x^e highest conductivity
obtained was 10"^ (Q cm)"l at room temperature.
Poly(acrylate)s containing crown etiier units were utilized by Percec
and co-workers to make liquid-crystalline polymers.^3-26 JI^Q ^^i hquidcrystalline crown ether polymer 8 with 4'-carboxybeiizo-15-crown-5 and
mesogenic groups in the side chain was syntiiesized from its metiiacrylate
monomer in toluene by radical polymerization. In both the differential
scanning calorimeter (DSC) cooling and heating curves for 8, one nematic
and one smectic enantiotropic mesophase were observed. The liquidcrystalline transition temperature for 8 was found to be influenced by its

complexation with metal cations. Addition of sodium triflate to 8 increased its
nematic-isotropic transition temperature. Tliis is explained as resulting from a
weak physical crosslinking of Na"^ with more than one crown ether unit. This
finding demonstrates that the phase behavior of liquid-crystalline crown ether
polymers may be regulated by ionic recognition.
CH3
O

^C-CH2^

8
Polyelectrolytes, such as 9, wliich bear acetophenone crown ether
moieties as fluoroionophores were synthesized by radical polymerization of
acrylate monomers, such as 4'-acryloylbeiizo-18-crown-6, with metiiacrylic
acid or 2-acrylamino-2-metliyl-l-propanesulfonic acid in DMF.2'7,28 On
excitation by 330 mn liglit, 9 showed fluorescence at 410 mn in a
methanokwater (1:9) solution wliich arose from an n-7c* excitation of the
cliromophore. Wlien alkali-metal cations were added, the fluorescence
intensity of 9 decreased in the order of Li+>Na"^>Cs'^>Rb+>K+. Tliis order
is rouglily consistent with the reverse order of the cation binding ability of the
benzo-18-crown-6 unit itself Tliis fluorescence intensity decrease for the
crowned acetophenone units in polymer 9 results from diminished electron
donation from tiie crown ether oxygens to the fluorescent acetophenone
moieties when alkali-metal cations are bound witliin the crown ether cavities.

Decreased electron donation to the acetophenone unit results an increase in
the intersystem crossing efficiency from the n-7c* singlet state to the n-n*
triplet state of acetophenone moiety. The presence of acid groups in 9
increased the cation concentration along polymer chain by electrostatic
interaction with the cations. Owing to the higli sensitivity of fluorimetry, this
work is potentially important for chemical trace analysis of metal cations with
crown ether polymers.
C H3

C H3

C H3
y

c=o
O

^ I

c=o
OH

"v.

r°^

X:Y = 95:5

k/O-./

,^^^
l-i^

c=o
O
I
N

9 ^

9

X:Y = 21:79

10

Another type of radically polymerized crown ether polymer was
reported by Shirai and co-workers.29,30 j^-^ polymer 10, the pendent crown
ether units are connected by oxime ester linkages wliich undergo ready
photocleavage of the -0-N= bond. When films of 10-alkali-metal picrates
were exposed to UV radiation and then were immersed in a solvent mixture
of heptane: 1,2-dicliloroethane (3:2), picrate salt complexes of the cleaved
crown ethers as well as the uncomplexed, cleaved crown ethers were released
into the organic solvent. The efficiency of picrate release by the 10-metal
picrate fihns decreased in the order of Na+«K+>Rb+>Cs+, wliich is
8

consistent with the order of the cation binding ability of the benzo-15-crowii5 unit itself. The mechanical properties of 10-metal picrate fihns did not show
significant changes after photoreaction. Selective release of picrate salts from
a UV-exposed fihn is interesting in relation to photo-imagining systems. Most
recording of color images with light has been performed by dyeing the
photoreacted areas of polymer films.
The final type of crown ether polymers prepared by addition
polymerization are styryl-type crown ether polymers which were reported by
Manecke et al.31-32 Monomers 11 and 12 and their crosslinked copolymers
with styrene and divinylbenzene were synthesized. This work is of special
relevance to the research wliich will be presented in Chapter III of this
dissertation.

11

12

Crown Ether Polymers from Condensation Polymerization
Condensation polymerization of bifunctional crown ether compounds
has also been employed to incorporate crown ether units into polymer
structures. The first report of a condensation crown ether polymer was
reported by Feigenbaum et al.^^ and involved tiie syntiiesis of the amide-type

crown ether polymer 13. The membrane properties of polyamide 13 in
reverse osmosis as investigated by Shchori and Jagur-Grodziiiski34,35 ^vill be
discussed in Chapter IV. Other crown etiier polyamides containing carboxylic
acid groups and polyamides with large crown ether rings, such as 32-crown10, have also been reported.^^"^^

O

O-v''^

^

°
-' n

13
Otiier types of crown ether condensation polymers which have been
reported include linear polyester-type polymers,^^"^l linear polyuretiianetype polymers^^ and crosslinked formaldehyde-type polymers. One of the
interesting polyester-type crown ether polymers is a liquid-crystalline polymer
with both crown ether and liquid-crystalline units witiiin tiie polymer
backboiie.4^
Formaldehyde-type

condensation polymers of benzocrown

and

dibenzocrown ethers were first reported by Blasius et al.^^"^? Extensive
studies of the polymer synthesis and their apphcations in analytical chemistry
were perfonned by tliis research group. Tliis type of resin is usually obtained
by condensation of dibenzocrown ethers witii fonnaldehyde in formic acid or
monobenzocrown ethers witii formaldehyde in a mixture of formic acid and
sulfuric acid using a crosslinking agent, such as phenol, resorcinol and xylol.
Simplified structures for typical examples of tliis type of polymer are shown
10

as 14 and 15. The formaldehyde-type crown ether polymers are very easy to
synthesize and have excellent resistance to heat and to acidic and basic
enviromnents. Recent developments in the area of formaldehyde-type crown
ether polymers include the alkali-metal cation selective ion-exchange resins
prepared by Bartsch and co-workers,^^"^ 1 litliium-selective resins which
contain small crovm ether rings as described by Bartulin et al.^^ and soluble
phenolic crown ether polymers.^^ The soluble polymers were synthesized by
condensation

of

dibenzocrown

etiiers

with

2,6-dihydroxymetliyl-4-

phenylphenol instead of fonnaldehyde.

OH

CH^O
-• n

14

15

A final type of crown ether polymer made by a condensation reaction is
the silyloxy crown ether polymer 16.^4 Huang et al. first synthesized the
crown ether unit attached to dichloromethylsilane, which was subsequently
hydrolyzed and polymerized to form polymer 16 by a condensation reaction.
The pendent crown ether units in polymer 16 are different from other
condensation polymers for wliich the crown ether unit is contained witliin the
polymer backbone. The silyloxy crown ether polymer 16 had good heat
stability and exhibited similar metal cation binding behavior to those of the
crown ether-pendent polymers mentioned in the preceding section. Crown
11

ether units containing allyl groups are also reported to be readily introduced
into polysiloxanes by hydrosilylation.^^"^^

16
Crown Ether Polymers from Cyclopolymerization
Cyclopolymerization is a method by wliich both the crown ether and
polymer structures can be produced simultaneously. Butler et al. first reported
obtaining crown ether polymer 18 from the divinyl ether l,2-bis(2etiienyloxyetlioxy)benzene (17) by cyclopolymerization. ^ 8 The second report
on formation of crown ether polymers by cyclopolymerization was by
Matliias et al.^^ Further and more extensive studies on tliis type of crown
etiier polymers were conducted by Yokata and co-workers.^^"^^ More than
20 papers have been published by tliis research group in major international
polymer journals since 1983.
Primarily two types of cyclopolymerization methods have been utilized
by Yokota et al. One uses a cationic initiator, such as SnCLj, BF3 0Et2 or
HI/I2, as the initiating system to polymerize divinyl polyethers. Tlie second
metiiod involves the use of the cationic initiators mentioned above or an
anionic initiator, such as KOH, to cyclopolymerize diepoxy ethers. Both
12

methods are facile procedures for preparing crown ether polymers, especially
for the synthesis of optically active crown ether polymers. A variety of divinyl
ethers including D-mamiitol,64 (R)- and (S)-l,r-bi-2-naplitliol,65

L-

threitol,^^ and altro-, galacto-, gluco-, and mannopyranoside^^ residues have
been cyclopolymerized. In these polymers, the crown ether units exliibit
chiral recognition for a-amino acids.
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Polymers 19 and 20 are two examples of cyclopolymerized crown
ether polymers with cliiral crown ether units. Their enantioselectivities in
transport of an amino acid ester, the methyl ester of phenylalanine
(PliAlaOCH3) (21), was detemiined witii a U-tube apparatus. In one ann of
tiie U-tube was placed the source phase which was an aqueous solution of the
13

racemic amino acid ester 21 containing some LiPF^ and HCl. The second ann
contained the receiving phase wliich was an aqueous solution of 0.10 M HCl
solution. The rate of transport and optical purity of the amino acid ester
transported across a clilorofonn solution of the polymer (i.e., the membrane
phase) wliich separated the source and receiving phases were detennined by
UV absorbance and specific rotation of the solution in tiie second phase,
respectively.
Optically active crown etiier polymers 19 and 20 possess two faces for
the crown ether units, as shown in Figure 1.2a. The crown ether units and D,
L-amino acid ester enantiomers fonn four diasteromeric complexes. The
stabilities of these complexes depend upon the steric and cliiral compatibility
between the crown ether polymers and amino acid esters and also upon a
dipole-induced dipole interaction between the 2-plienyl-l,3-dioxane ring in
the crown ether units and the phenyl groups in the amino acid esters. As
shown in Figures 1.2b and 1.2c, the D-enantiomer of PliAlaOCH3 fonns
more stable complexes with both crown ether polymer 19 and 20.
Experimentally, transport ratios of 1.48 and 1.37 between D- and Lenantiomers of PliAlaOCH3 were observed for 19 and 20, respectively.
Even thougli the crown ether rings of cyclopolymerized crown ether
polymers are part of the polymer backbone, cooperative coordination effect
of tiie crown ether units and sandwich-type complexation with large cations
are observed. Tliis reveals that the crown ether units are more similar to
pendent crown etiier moieties than the backbone-incorporated crown ethers in
typical condensation crown ether polymers. For polymer 18, a picrate
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extraction order for alkali-metal cations of Rb+>K+«Cs+>Na+=^Li"^ was
noted.

(b)

(Q)

Ic)

\\

Ph

r^?H^r?\9
X
OMe

/

O^

0M«

OMt

O^

B

Figure 1.2

Confonnations for complexes of D-PhAlaOCH3 with polymers
(b) 19 and (c) 20 wliich contain asymmetric cliiral crown ether
units. (R = CH30C(0)-).

Crown Ether Polymers from Electrochemical Polymerization
Aromatic rings substituted with electron-donating groups are well
known

to

dimerize

anodically

on electrodes.

For

example,

1,2-

dimetiioxybeiizene (22) is converted into its trimer, hexamethoxytriphenylene
(23). Under similar conditions, dibenzocrown ethers, which have two
electron-donating substituents in the ortho positions on each benzene ring, are
expected to trimerize on each aromatic ring and form polytriphenylenes
Unked by polyether bridges, as shown for polymer 24 wliich is made from
dibenzo-18-crown-6. Simonet and co-workers first prepared this novel type
of crown ether polymer in 1983 and their studies continue.^^'^^
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Experimentally, the electrochemically polymerized polymers were
obtained on a platinum anode under argon both neat and in dry solutions of
BU4NBF4, BU4NPF6 or BU4NCIO4 in methylene cliloride or acetonitrile. The
potentiometric electrolysis was perfonned at a potential conesponding to the
foot voltage of the oxidation peak in the cyclic voltammetry curve for the
dibenzocrown ether. Usually a dark blue or black compact and homogeneous
film was formed on the electrodes. The film was in its p-doped state. Infrared
spectroscopy indicated the existence of PF4" anion from tiie BU4NPF5
solution m the electrochemically polymerized polymer.
The /7-doped crown ether polymers usually had poor metal cation
complexation ability. Tliis was improved by an undoping process. Simonet et
al. utilized two undoping methods. The first consisted of an indirect chemical
reduction of the materials and involved electrogenerated superoxide anion in
the electrolytic solution during polymerization. Tlie second method employed
tiie direct reduction of the polymers by an amine solution. The conductivity of
tliis type of polymer was also studied. A dry poly(dibenzo-18-crown-6) (24)
fikn doped by BF4- has a conductivity of 8x10-4 (Qcm)-l at room
temperature. Tliis makes electropolymerized crown ether polymers a
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promising class of electrode modifiers. The p-doped fonns of dibenzocrow n
etiier polymers were shown to be selective anionic membranes for SCN" and
CIO4" in polar and dipolar solvents.

24

Statement of Research Goals
The research described in this dissertation includes three parts. The
overall goal is to synthesize several different types of novel crown ether
polymers and then study their complexation behavior with metal cations by
sorption, liquid-liquid or liquid-solid extraction, or membrane transport. The
types of crown ether polymers wliich are synthesized include fonnaldehydetype crosslinked crown ether polymers, linear styryl-type crown ether
polymers and linear polyamide crown ether polymers.
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In Chapter II of tliis dissertation, the effect of metal cations on the
fonnaldehyde polymerization of acychc and cyclic dibenzo polyethers is
investigated. Formaldehyde-type crown ether resins with and without ionexchange groups and with different crosslinking levels were also prepared
and their metal ion sorption efficiency and selectivity studied. Lastly,
formaldehyde-type dibenzo-18-crowii-6 resins containing phosphonic mono
and diacid groups were prepared. The effect of the nature and level of
phosphonic acid group incorporation on alkali-metal sorption by the resins
has been investigated.
The objective of the research described in Chapter III was to
syntiiesize several new styryl-type crown ether linear polymers, which
included some ion-exchange polymers. The uifluence of substituent group and
side arm of the crown ether units and the spacer group between the crowai
etiier units and the polymer backbones on metal picrate extraction was
detennined. Factors including tiie introduction of crown ether units and
preorganization of ion-exchange sites relative to the crown ether cavity were
also evaluated with regard to their effect upon the metal ion extraction
behavior of the ion-exchange linear polymers.
The research described in Chapter IV of tiiis dissertation involved the
syntiiesis and characterization of a number of novel polyamide esters and
acids which contain cyclic and acyclic dibenzo polyetiier units. Some of the
polymers could be cast into mechanically strong membranes. Tliis feature is
important for further development of potential applications. Proton-driven
metal cation transport tiirough tiie crown ether polyamide acid membranes
was investigated.
18

CHAPTER II
STUDIES ON FORMALDEHYDE CONDENSATION
RESINS WHICH CONTAIN DIBENZO
POLYETHER UNITS
Introduction
The selective complexation and ion exchange of a targeted metal ion by
a given polymeric reagent is an important objective for many applications,
including catalytic, cliromatographic and metal ion recovery processes.^^"^^
The advantages of chelating polymers include their ease of recovery and
reuse, their adaptability to continuous processes, and the reduced toxicity of
the chelating reagents once they have been immobilized by incorporation into
polymers.
Understanding metal ion-ligand interactions is important to the design
of new ion-specific polymeric reagents. With such an understanding, it
becomes feasible to syntiiesize polymeric reagents with high levels of
selectivity in the recognition of targeted metal ions. There have been
numerous attempts to extrapolate the specificity achieved witii individual
metal ion-hgand systems to crosslinked polymeric reagents. The syntiiesis
involves attacliing an ion-specific ligand onto an organic or inorganic polymer
network or direct polymerization of an ion-specific, ligand-containing
monomer witii a crosslinking agent. Direct polymerization of ligandcontaining

monomers

is

usually

carried

out

by

formaldehyde

polycondensation reactions^^"^^ or radical copolymerization in the presence
of crosslinking agents.^ 1 '^^
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There are two approaches to the selection of ligands for covalent
attacliment onto polymeric networks, such as crosslinked polystyrene beads.
One approach is to immobilize ligands, such as crown etiiers43-52 and
cryptands,44 vvliose ionic affinities are well-known. The second metiiod is to
immobilize ligands, such as quinolines^^ and Scliiff bases,^^ whose ion
binding properties are still being established.
The hard-soft acid-base theory is tiie foundation upon wliich the choice
of appropriate ligands is derived. Ligands with low polarizabilities (hard
binding sites, such as the oxygen atoms in crown ethers) have higlier affinities
for hard cations, such as alkali-metal cations. Ligands with soft, polarizable
sites, such as sulfur atoms, have liiglier affinities for soft metal cations, such
as the precious metals.
In most cases, the ligands are chosen for a targeted ion interaction and
tiie polymer matrix structure is not considered to be a participant in tiie ion
recognition process. Recently a new direct polymerization metiiod called
template polymerization has been reported to make ion-specific polymeric
reagents from ligand-containing monomers.^l-^^ In tliis metiiod, the ionligand complex is used as the monomer for copolymerization with a large
amount of crosslinking agent. The polymerization process preorganizes the
structure of micropores witiiin tiie fonned polymers. Once tiie template metal
ion is removed from the polymeric network, it is expected that tiie ligands will
retain the spatial arrangement (preorganization) wliich is optimal for binding
with tiie original, template metal ions.
The ion-exchange reaction is an extremely versatile process and is
well-suited to the complexation of cations or anions tiirougli electrostatic
20

binding. Cation-exchange resins have wide application in industry and in
environmental remediation. However, common cation-exchange resins with
carboxylic acid, phosphonic acid or sulfonic acid groups usually provide only
poor differentiation of a given ion from ions with the same charge. This
obviates their use for practical recovery processes wliich require the selective
sorption of valued or toxic metal cations from a background of innocuous ions
which are present at much higher concentrations. This disadvantage for
common ion-exchange resins is attributed to the small free energy differences
among the ion-exchange reactions with the different metal cations.^^
Ion-specific ligands can selectively complex with specific cations. This
complexation can be quite selective for certain metal cations. Therefore, the
introduction of significant selectivity into ion-exchange resins miglit be
expected when a liiglily ion-specific ligand is incorporated in the vicinity of
the ion-exchange site. The ion-exchange site would provide accessibility for
tiie metal cation wliile the addition of an ion-specific ligand would ensure a
degree of selectivity. This type of resin containing two types of functional
moieties, ion-exchange sites and ion-specific ligands, is termed a dual
mechanism ion-exchange resin. Some of tiie successful ion-exchange resins
witii dual mechanisms wliich have appeared in the literature include a copperselective resin based on hydroxyoximes and carboxylic acid groups,^^ and
cadmimn-selective resins which contain both quinoline and carboxylic acid
groups. ^^
Bartsch and co-workers have synthesized a series of crown ether and
acyclic polyether ion-exchange resins by formaldehyde polycondensation
reactions of dibenzo polyether monomers.49 The selectivity and efficiency for
21

competitive alkali-metal cation sorption from aqueous solution exliibited by
tiiese polyether ion-exchange resins have been found to be strongly influenced
by the acyclic or cyclic nature of the polyether units and the confonnational
positioning of the ion-exchange group relative to the polyether cavity. Good
sorption selectivity for Na"^ from a mixture of the alkali-metal cations was
observed for a dibenzo-16-crowii-5 resin with a pendent carboxyhc acid
group oriented over the crown ether cavity.
Other investigations with the objective of introducing specificity into
ion-exchange resins as reported by Alexandratos and co-workers are based
upon other ionic recognition mechanisms, such as reduction and
precipitation.87"89 Representative polymer 25 is a polystyrene-based resin
wliich consists of a phosphonic acid group for the cation-exchange reaction
and a quaternary amine group, whose associated anion is responsible for the
specific

precipitation

reaction.

The bifunctional

trimethylammoniuin/

phosphonic acid resin 25 with sulfate as the associated anion absorbed 93%
of tiie barium cations from an aqueous solution compared to 27% of the
calcium cations. Enlianced ionic recognition for barium is facilitated by
barimn sulfate precipitation in the cation sorption process.

C Ho
I
HO—P=0
I
OH

25
22

C Ho
I,
N R3
SO4"

In the present study, alkali-metal salts are added into the reaction
mixture for the formaldehyde polycondensation reactions of acyclic dibenzo
polyethers and dibenzocrovm ethers. The goal is to search for template effects
on the metal cation sorption behavior of the resultant resins as well as a
cation effect on the yield of the polycondensation reaction.
In the literature, almost all of the cations used in template
polymerizations are transition metal cations. The complexation behavior of
transition metal cations is strongly related to the electronic configuration of
the central metal ion, which determines its crystal field and complexation
configuration. The different electronic configurations and complexation
behavior among transition metal cations provide a variable micropore
structure in the template-polymerized polymers. On the other hand, all of the
alkali-metal cations have the same valence electronic configurations and
complexation modes and require only a match between the ionic diameter and
the size of the hgand cavity. For this reason, polymerization templated by
these metal cations may not be as effective in producing polymers with high
selectivities for individual template alkah-metal cations.
In another aspect of this research, the effect of alkali-metal cations on
the polymerization yields is also examined. It is generally thought that
formaldehyde polycondensation under acidic conditions proceeds by an
electrophilic aromatic substitution mechanism.^^ The stability of the
benzenonium or arenium ion intermediate in electrophihc aromatic
substitution reactions of dibenzo polyethers should be related to the electrondonating ability of tiie oxygen atoms attached to the aromatic rings.
Therefore, the introduction of metal cations into the polycondensation media
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might influence the electron density on the oxygen atoms attached to the
aromatic ring substituents of the crown ethers and thereby affect the stability
of the mtermediate benzenonium ion, wliich will influence the rates and yields
of the polymerization reactions. For different alkali-metal cations, the
polymerization yields miglit be controlled by the differing strengths of
interaction between the oxygen atoms of dibenzo polyethers and the cations.
The present study also involves the synthesis of dibenzocrown ether
resins produced by polymerization for different time periods. Fonnaldehy detype crown etiier resins wliich have been reported in the literature were
prepared with a set of standard reaction conditions. Crosslinking and
polycondensation reactions are known to be taking place simultaneously in
tiie fonnaldehyde polymerization reaction. With different reaction time
periods, the crosslinking level for the crown ether resins may vary.
Characterization of the crosslinking degree for the resins is attempted. Alkalimetal cation complexation behavior is measured for dibenzo polyether ionexchange resins wliich were synthesized under the different reaction
conditions.
In a final aspect of tliis study, phosphonic monoacid and diacid groups
are introduced onto the aromatic rings of pre-formed formaldehyde-type
dibenzo-18-crown-6 resins. The phosphonic acid groups have an inlierently
strong acidity, wliich should increase the cation sorption ability of the crown
etiier ion-exchange resins in low pH ranges.^ 1 Competitive alkali-metal
cation sorption from aqueous solutions by these phosphonic acid ionexchange crown ether resins is measured in the pH range of 2 to 13. The
influence of the identity and substitution degree of the phosphonic acid
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groups on the alkali-metal cation sorption behavior of these resins is
investigated.
Results and Discussion
Polymerization of Dibenzo
Polyethers with Fonnaldehyde
Monomer Synthesis
The dibenzo polyetiier compounds wliich were employed in tiiis study
as monomers for polymerization with formaldehyde include acyclic dibenzo
polyethers 26 and 29 and their analogs 27, 28, 30 and 31 which contain
hydroxyl or carboxyhc acid groups, dibenzo-18-crowii-6 (1) and dibenzo-16crown-5 (32) and its analogs 33-36 with hydroxyl, methoxyl and carboxylic
acid containing side anns, respectively. The structures of the acyclic and
cychc dibenzo-16-crown-5 polyetiier compounds are shown in Figures 2.1
and 2.2, respectively. Of the dibenzo polyether monomers, only compounds
26 and 29 are new compounds wliich were prepared for use in tliis
investigation.
Monomer 1, dibenzo-18-crown-6, was obtained from Aldrich Chemical
Company. Monomer 33, 5';^/w-(liydroxy)dibenzo-16-crown-5, was synthesized
on a large scale by undergraduate co-workers in the Bartsch Research Group.
Other monomers, acyclic dibenzo polyetiiers 26-31, and dibenzo-16-crown-5
derivatives 32 and 34-36 were prepared according to the schemes shown in
Figures 2.3 and 2.4, respectively, following the methods reported by Bartsch
and co-workers.^^>^2"^^
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Figure 2.1. Structures of acyclic dibenzo polyether monomers.
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Figure 2.2. Structures of cyclic dibenzo-16-crown-5 polyether monomers.
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Figure 2.4. Synthesis of cyclic dibenzo polyetliers 32 and 34-36.
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Polymerization of Dibenzo Polyether Resins
The formaldehyde polycondensation reaction was utilized to make
phenolic polymers, the first commercial synthetic plastics, which were
introduced by the Bakehte Company in 1909. Phenol has tliree reactive sites
{ortho or para positions to the hydroxyl group) on tlie benzene ring and
readily fonns a crosslinked polymer network with formaldehyde. The
polymerization rate is pH-dependent, with higlier reaction rates occurring at
either high and low pH.
In the high pH region, tlie polycondensation reaction involves a
nucleophilic attack by the phenolate anion on formaldehyde (or its hydrated
form) to fonn a methylol group which reacts with a second phenolate anion to
form a methylene bridge between two aromatic rings as shown in Figure 2.5.

•OH(3

"*• ^^20

0-f"VcH,OH
Hv

^
-QH- ,

= v CH2O"

o=0<

0=O=CH2

^ ^ 5 ^

,=

0-J~\cy{^=^

- 0 ^ VCH2-Y

W

Figure 2.5. Mechanism for the phenol-formaldehyde polycondensation
reaction at liigli pH.
Under acidic conditions, the mechanism of phenol-fonnaldehyde
polycondensation is an electropliilic aromatic substitution, which is
fundamentally different from the mechanism found under basic conditions.
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Phenol is attacked by the protonated fonn of fonnaldehyde,

the

hydroxymethyl carbocation, to form a benzyl carbocation. Tliis intennediate
then reacts with a second molecule of phenol to form a metliylene linkage
between two aromatic rings, as depicted in Figure 2.6. The stability of the
intermediate benzenonium ion determines tlie polycondensation reaction rate.

OH
CH2O

H*

^

^

CH2OH

PhOH

•

^^'- ^ ' ^ C H 2 0 H

+ \u>\
L' "*• 'J
H

CH2OH

Figure 2.6. Mechanism for the phenol-fonnaldehyde polycondensation
reaction at low pH.
Dibenzo polyethers have eiglit reactive sites witli four sites in each
aromatic ring. Under basic conditions, there is no structure analogous to a
phenolate anion that can be formed from dibenzo polyediers. Therefore it
would be difficult to syntiiesize fonnaldehyde-type polymers from dibenzo
polyethers under basic conditions. Under acidic conditions, however, the two
oxygen atoms attached to each aromatic ring of the dibenzo polyether may
donate their lone pair electrons to the intennediate benzenonium ion in the
electrophilic aromatic substitution in a similar fashion to the hydroxyl group
in phenol. Tliis structural feature of dibenzo polyethers allows them to be
readily polymerized under acidic conditions.
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Typically, the polymerization yield and composition of phenolformaldehyde crosslinked resins are strongly influenced by the reaction
conditions, such as the ratio of the formaldehyde to phenol monomer, the pH
and the reaction temperature.^^*^^ For each of the dibenzo polyether
compounds utilized in this study, the same polymerization conditions were
employed, except for the addition of different alkali-metal salts and the
variation of the reaction time period in some reactions. Simplified structures
of the acychc (39-44) and cychc dibenzo polyether resins (35-50) are shown
in Figures 2.7 and 2.8, respectively. The simplification is to show only linear
polymer structures even though some level of crosslinking will be present in
all cases.
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Figure 2.7. Simplified structures of the acyclic dibenzo polyether resins.
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Figure 2.8. Simplified structures of the cychc dibenzo-18-crown-6 and
dibenzo-16-crown-5 polyether resins.
The dibenzo polyether monomer (6.0 imnol) was dissolved in a
solution of fonnic acid (100 ml) and fonnaldehyde (37% aqueous solution, 50
ml or 100 ml). To the mixture, a desired amount of alkali-metal salt (usually
6.0 mmol of the metal cation as the carbonate or hydroxide) was added. The
solution was refluxed in a 115 ^C oil bath for a specified time period
(nonnally one day, 1.5 days for 27 and 28, 4 days for 35 and 6 days for 31)
and cooled. The precipitate was collected with a sintered glass fiher funnel.
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washed with fonnic acid, 0.1 N hydrocliloric acid solution and deionized
water and then dried in a 100 ^C vacuum oven for one day.
Tlie dried resin was weighed and the polymerizafion yield was
calculated by comparing tlie weight of the product resin with the initial weiglit
of the dibenzo polyether monomer. Due to some uncertainty in the chemical
structures of the resultant crosslinking fonnaldehyde-type resins (e.g., the
number of bridging metiiylene groups and the possibility of methylol groups),
a more precise method for calculating the yield was not possible.
Influence of Alkali-Metal Cations
Condensation Polvmerization in the Absence and Presence of One
Molar Equivalent of an Alkali-Metal Cation. For all the dibenzo polyether
compounds 1 and 26-36, the influence of having an alkali-metal cation
species present during the polymerization process was investigated. The
polymerization yields in tlie absence and presence of one molar equivalent of
each alkali-metal cation were detennined and the results are presented in
Table 2.1. Polymerizations of monomers 1, 32, 33 and 36 were repeated
under tlie same condition and were found to produce almost tlie same yield of
resin. The estimated uncertainty in a polymerization yield is ±2%. As can be
seen, the presence of one molar equivalent of alkali-metal cation ahnost
always produce a diminution of tlie polymer yield. However the influence
varies widely with changes in the monomer structure and the specific alkalimetal cation.
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Table 2.1.

Yields of formaldehyde-type dibenzo polyether resins obtained
in the absence and presence of one molar equivalent of each
alkali-metal cation.

Mono- Poly- Polym.

No

Polym. Yield (%) in the Presence of
Rb+

Cs+

82

86

88

10

16

19

32

28

23

28

31

30

109

109

109

109

108

108

1 day

100

94

86

82

88

89

44

4 day

82

67

62

64

67

71

1

45

1 day

68

58

0

0

0

0

32

46

1 day

91

76

17

86

87

90

33

47

1 day

60

36

0

29

38

40

34

48

1 day

52

28

0

18

27

29

35

49

4 day

60

49

0

0

26

38

36

50

1 day

72

17

0

14

14

28

mer

mer

26

39

1 day

27

40

28

Time

Cation

Li+

Na-^-

90

84

68

1.5 day

64

18

41

1.5 day

43

29

42

1 day

30

43

31

K+

As discussed earher, the stability of the intermediate benzenonium ion
in an electropliihc aromatic substitution reaction will detennine the rate and
yield of the polymerization reaction with formaldehyde. In the absence of a
metal cation, the neighboring oxygen atoms will stabilize the benzenonium
ion intermediate by donation of their lone pair electrons to the aromatic ring,
as shown in Figure 2.9a. This stabilizes the benzenonium ion and accelerates
the polymerization reaction. On the other hand, metal cation complexation
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with the dibenzo polyether moiety may diminish electron donation from the
oxygen atoms attached to the aromatic rings of the crown ether to the
intennediate benzenonium ion. Tliis would decrease the stability of the
intennediate benzenonium ion for the electropliilic aromatic substitution, as
shown in Figure 2.9b, and diminish the polymerization rate and yield.
a)

^

H0CH2^^^,A.^?.-

^
HOCH^s^^^..-.,^/?.-

b,

^

^

H0CH2^^X/?.=
M+

CA

CA

CA

Figure 2.9. Donation of lone pair electrons from the oxygen atoms in the
benzenonium ion intermediate for dibenzo polyether formaldehyde polymerizations (a) in tlie absence and (b) in the
presence of a metal cation.
For the various combinations of dibenzo polyether monomer and added
alkali-metal cation shown in Table 2.1, the metal cation effect on the
polymerization yield is significantly different. It is postulated tliat tlie ability
of the metal cation to attract the lone pair electrons on the aryl etlier oxygen
atoms of the dibenzo polyetliers is the controlling factor. Thus, the
polymerization yield should be dependent on the ability of the added metal
cation to complex with the dibenzo polyether monomer. Tlie stronger the
complexation between the dibenzo polyether and the added metal cation, the
more electron density will be withdrawn from the aryl ether oxygen atoms of
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the dibenzo polyethers in the intermediate benzenonium ion wliich will result
in a lower polymerization yield.
Acyclic polyether monomers 26 and 29, 27 and 30 and 28 and 31 are
pairs of structural isomers which differ only in the positioning of the methoxyl
group with respect to the polyetlier bridge. In the former member of each pair,
the methoxyl group is ortho to the other benzene ring oxygen. In the latter
member of each pair, the methoxyl group is in the para position.
For monomer 29 which has the para metlioxyl groups and a propylene
bridge, the polymerization yield is the same in the absence and presence of
alkali-metal cations. Tliis insensitivity, wliich is unique among the twelve
acyclic and cyclic dibenzo polyether monomers studied, is attributed to a poor
alkali-metal cafion binding ability of the monomer. With the methoxyl groups
located para to the other oxygens on the benzene rings, a metal ion could
simultaneously complex with no more than two ether oxygens.
For monomer 26, a structural isomer of monomer 29, the yield is the
same within experimental enor when the polymerizations were conducted
without any added metal cation and in tlie presence of one molar equivalent
of Rb"*" or Cs+. With added Li+ or K+, there was a slight diminution in yield.
When one molar equivalent of Na"^ was present, the yield dropped to 68%
from the 90%) yield which was obtained in the absence of added metal
cations. Examination of Corey-Pauling-Korton (CPK) space-filling models
reveals that for monomer 26 the four aryl-alkyl ether oxygens can lie in a
plane and complex a metal ion within a pseudocyclic cavity. Thus, the
observed decrease in the yield when some alkali-metal cafion species are
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present for monomer 26, but not for the structural isomer 29, is consistent
with a greater alkali-metal cafion binding ability of the former.
In monomers 30 and 31, hydroxyl and oxyacefic acid groups,
respectively, have been attached to the central carbon of the three-carbon
bridge in monomer 29. Oxygen atoms in the side arms of 30 and 31 are
potential additional donor sites for metal ion complexation. For monomer 30,
the polymerization yield is perceptibly lowered by the presence of each of the
alkah-metal cations. The same trend is noted for monomer 31 with a
somewhat greater reduction in polymerizafion yield when alkali-metal cations
are present. Inspection of CPK space-filling models shows that a metal ion
could simultaneously coordinate with three oxygens in monomer 30 and three
ether oxygens plus the carbonyl oxygen in monomer 31. Therefore, monomer
31 is expected to be a stronger alkah-metal cation binding agent than
monomer 30. This agrees with the observed greater sensitivity of the
polymerizafion involving monomer 31 tlian 30 to tlie presence of alkali-metal
cafions.
For monomers 27 and 28, one hydrogen on the central carbon of the
three-carbon bridge in monomer 26 has been replaced by hydroxyl and
oxyacetic acid groups, respectively. Compared with the influence of alkalimetal cafion upon tlie polymerizafion yield for monomer 26, the sensitivity is
much greater for monomers 27 and 28. Thus for monomer 27, the 64%)
polymerizafion yield achieved in the absence of metal cafions plummets to
10-32% when one molar equivalent of an alkah-metal cafion is present. This
greater sensitivity suggests that metal ions coordinate not only with the four
aryl/alkyl ether oxygens but also with oxygen atoms in the side arm.
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Monomers 1 and 32-36 are crown ether compounds. Due to their
cyclic structure, the polyether cavities in crown ethers are better organized for
metal cation complexation than are the pseudocavities of acyclic polyethers.
From CPK space-filling models, the cavity diameters of dibenzo-16-crowii-5
and dibenzo-18-crown-6 are estimated to be 2.0-2.4 A and 2.6-3.2 A,
respectively.^8 Ionic diameters of tiie alkali-metal cations are as follows: Li"^,
1.48 A; Na+, 2.04 A; K+, 2.76 A; Rb+, 2.98 A; and Cs+, 3.40 A.97 Based
on tiie relationship between tiie relative diameters of the metal cations and the
dibenzocrown ether cavities, alkali-metal complexation selectivity for K"*" and
Na"^ would be predicted for crown ether compounds 1 and 32-36,
respectively. Therefore the lowest polymerization yields for 1 and for 32-36
are expected in the presence of K"*" and Na"*", respectively.
From the experimental results for dibenzo-18-crowii-6 (1) presented in
Table 2.1, the polymerization yield is noted to be zero in the presence of all
of the alkali-metal cafions except Li"^ under the standard reaction conditions.
Of the alkali-metal cafions, Li+ is expected to be most weakly bound by
dibenzo-18-crowii-6.

These results

strongly

support

the

postulated

deactivation of the electropliilic aromatic substitution intennediate by metal
ion complexation of the aryl-alkyl ether oxygens.
For dibenzo-16-crowii-5 (32), the presence of Na"^ produces a marked
drop in the polymerizafion yield from 91% to 17%. Much smaller decreases
are noted for the other alkali-metal cations. Thus the alkali-metal cation
wliich is anticipated to bind most strongly with the crown ether produces the
greatest reduction in yield. For the subsfituted

dibenzo-16-crown-5

compounds 33-36, no fonnaldehyde condensation polymer was fonned when

38

one equivalent of Na"^ was present. The presence of oxygen-containing side
arms in monomers 33-36 is expected to accentuate metal cation complexation
relative to that of dibenzo-16-crown-5 (32). This is consistent with an
enhanced sensitivity of polymerization involving monomers 33-36 to the
presence of alkali-metal cafions.
Variation in the Amount of Alkali-Metal Cation Present. The amount of
alkali-metal cation present during the polymerization process was also found
to significantly affect the polymerization yields for the dibenzocrown ethers
monomer. The polymerization yields for dibenzocrown ethers 33, 35 and 36
in the presence of different molar ratios of Cs"*" to monomer are presented in
Table 2.2 and Figure 2.10. An inverse relafionsliip between the amount of
Cs"^ added and the polymerization yield is readily evident for all tliree
monomers. Increasing the amount of Cs"*" would complex more of the
monomer and reduce the polymerization yield.
Table 2.2.

Influence of the Cs"^:crown ether monomer molar rafio on the
polymerizafion yields for dibenzocrown ethers 33, 35 and 36.
Polymerization Yield (^Vo) for the
Cs"*": Crown Molar Rafio of

Monomer

0

0.5

1.0

2.0

4.0

33

60

49

40

29

21

35

60

51

38

27

11

36

72

48

28

19

10

39

2
<D

0

1.0

2.0

3.0

4.0

5.0

Molar Ratio

Figure 2.10. Relationsliip between the polymerization yields for the
dibenzocrown etiiers 33 ( • ) , 35 (A) and 43 (D) and the molar
ratio of added Cs"^ to dibenzocrown ether.
Influence of the Polymerization Time
Polymerization time is also an important reaction condition variable.
As noted previously, the fonnaldehyde condensation and crosslinking
reactions of dibenzo polyethers take place simultaneously. Tlierefore, the
polymerization time is expected to influence the polymerization yield and
degree of crosslinking for tiie resins.
Tliree series of fonnaldehyde polymerizations were conducted with
differing polymerization time periods for dibenzocrown etiiers 1, 35 and 36.
The condensation reacfion condifions were the same as tiiose described
previously except that the reacfion time was varied. The polymerizafion yields
for dibenzocrown ethers 1, 35 and 36 with varying polymerization time
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periods is presented in Table 2.3. By extending the reaction time, increased
polymerization yields were obtained for all the tiiree compounds. The colors
of resultant resms 47, 49 and 50 also changed from yellow for the resins
polymerized in the shorter time periods to brown and even dark brown for the
resins wliich were produced by polymerization in the longer time periods.
Table 2.3.

Formaldehyde condensation polymerization yields of dibenzocrown ethers 1, 35 and 36 with varying polymerization time
periods.
Polymerization Yield of
Dibenzocrown Ether (%)

Polym. Tune

1

35

36

4 hours

46

nd*

nd

6 hours

nd

0

26

24 hours

68

40

71

60 hours

74

nd

nd

96 hours

nd

60

80

12 days

nd

70

88

* nd = not detennined.
Characterizafion of Dibenzo Polyether Resins
The dibenzo polyether resins wliich were prepared by polymerizations
conducted under different conditions were initially characterized by infrared
(IR) spectroscopy. Comparison of the IR spectra for resins with those for the
corresponding dibenzo polyether monomers showed little difference except
for broadening of the absorptions in tiie resin fonn and a new hydroxyl peak
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at about 3430 cm"l for the monomers wliich contained no hydroxyl and
carboxylic acid groups. This absorption is attributed to the formation of
methylol group residues (-CH2OH) on the aromatic rings during the the
polymerization process. Among tiie resin products formed by polymerization
of the same monomer, tiie resins resulted from the reaction for the longer time
periods or obtained in liiglier yields were found to have broader absorption
peaks as shown in Figure 2.11 for resin 50. Tliis is attributed to a higher level
of crossluiking. The liiglier intensity of tiie peak at 1455 cm"l (6CH2) in the
IR spectra of resin 50 polymerized for the longer time periods is due to the
formation of methylol groups and methylene bridge groups. Due to the
structural complexity of the fonnaldehyde dibenzo polyether condensation
resins, IR spectroscopy provides only limited and qualitative structural
information.
Elemental analysis was also utilized to characterize the formaldehyde
dibenzo polyether condensafion resins. Results for resins 49 and 50, which
were produced by polymerization of the conesponding monomers for
different time periods, are presented in Table 2.4. The observed carbon and
hydrogen contents for all of the resins obtained for each monomer are very
similar and agree well witii tiie calculated values which are based on the
simplified linear structure of the formaldehyde condensafion resins. Thus
changes in the observed carbon and hydrogen contents of the resins are
judged to be insufficientiy sensitive to reveal changes in the level of
crosslinking for the resins.
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a

o

4000

3000

2000

1500

lOOO

\Vavenumber(cm"')

Figure 2.11. IR spectra of resin 50 wliich was prepared by polymerization
of monomer 36 for (a) 6 hours, (b) I day, (c) 4 days and (d) 12
days.
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Table 2.4.

Elemental analysis results for resins 49 and 50 which were
prepared by polymerization of the conesponding monomers
for differing time periods.

Reaction

49

50

Tune

%C

%H

%C

%H

6 hrs

—

—

65.42

6.51

1 day

63.56

5.59

65.72

6.38

4 days

63.61

5.71

65.55

6.15

12 days

63.51

5.67

65.42

6.22

Calcd.

63.45

5.81

65.49

6.59

In addition to IR spectroscopy and elemental analysis, thennal
gravimetric analysis (TGA) was also utilized to characterize these
fonnaldehyde dibenzo polyether condensation resins. TGA has been used to
qualitatively estimate the thennal stabihty of phenolic fonnaldehyde resins
with different molecular weiglits.^^ Phenohc formaldehyde resins with liiglier
molecular weiglits are more readily decomposed. TGA was utilized in an
attempt to estimate the crosslinking level in resin 50. In the TGA
measurements perfonned here, sample weiglit was recorded under nitrogen
atmosphere with a temperature increase rate of 10 oC/min. The TGA curves
for the four samples of resin 50 are shown in Figure 2.12 and are very similar.
All of the samples have very good resistance to increasing temperature and
begin to lose weiglit at about 270 ^C. Wlien the temperature has been
increased to about 540 ^C, no residue was left for any of the four samples of
resin 50. Thus, it was not possible to obtain useful infonnation about the level
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of crossluiking for the resins from TGA analysis. The complete
decomposition of the resin 50 to volatile compounds is probably due to the
large number of oxygens present in the structures of dibenzo polyetiier resins
wliich allow them to pyrolyze completely.

=0
•5

Temperature (°C)

Figure 2.12. Thennal gravimetric analysis curves for resin 50 produced by
polymerization of monomer 36 for (a) 6 hours, (b) 1 day, (c) 4
days and (d) 12 days. Curves a-c are offset from curve d to
illustrate the similarity of shapes.
Alkali-Metal Cation Complexation
bv Dibenzo Polvether Resins
Alkali-Metal Cation Sorption by Dibenzo
Polyether Carboxylic Acid Resins
Comparison of Sorption Selectivities for CG-50 and the Acyclic and
Cvclic Dibenzo Polvether Carboxvlic Acid Resins. In tiiis study, the alkali45

metal cation sorption behavior was assessed for dibenzo polyether carboxylic
acid resins 41, 44, 49 and 50 wliich were prepared by polymerization in the
absence of alkali-metal cations. For comparison, the alkali-metal cation
sorption of a cormnercially available carboxylic acid ion-exchange resin CG50 was also detennined. The CG-50 is a crosslinked poly(inethacrylic acid)
resm.
Alkah-metal cation sorption by the dibenzo polyether carboxylic acid
resins was measured with the procedure reported by Bartsch and coworkers.4^ An aqueous solution of the five alkali-metal cafions (0.10 M in
each in the cliloride or hydroxide fonns, pH = 12.8) was shaken with the
dibenzo polyether carboxylic acid resin for 2 hours. In control experiments,
the shaking time was varied from 1.0 to 12.0 hours with no significant change
in the sorption values. The resin was filtered, washed with deionized water
and dried. Of the dried resin, a weiglied portion was shaken with 0.10 M HCl
for 1 hour to strip the alkali-metal cations from the resin into an aqueous
solution for analysis by ion cliromatography. hi control experiments, no
significant difference was observed when the shaking time for the stripping
step was varied from 30 minutes to 2.0 hours. These control experiments
demonstrate that both the alkali-metal cation sorption by the dibenzo
polyether ion-exchange resins and stripping of the sorbed metal cations from
the resins processes are reasonably rapid.
The competitive alkali-metal cation sorption profile for CG-50 is
shown in Figure 2.13 together with the resuhs for dibenzo polyether
carboxylic acid resins 41, 44, 49 and 50 wliich were prepared by
polymerization in the absence of metal cations. The sorption profile for CG46

50 is very similar to that observed for acyclic polyether carboxylic acid resin
44 wliich has para methoxy groups. Tliis suggests that the acyclic dibenzo
polyether units m resin 44 have only a very weak metal complexing ability
and play little role in the ion sorpfion or ion-exchange process. This is
consistent with the results obtained from the studies on polymerization yield
of the acyclic dibenzo polyether monomer 31 in the presence of alkali-metal
cations (Table 2.1). For acyclic polyether carboxylic acid resin 41 which has
ortho methoxy groups, the Li+ sorption decreases significantly and the Na+
and K+ sorption increase sliglitly. Tliis change in sorption profile from those

c
o
o
+->

c

8

CG-50

41

44

49

50

Resin

Figure 2.13. Alkali-metal cation sorption profiles for CG-50 and for dibenzo
polyether carboxylic acid resins 41, 44, 49 and 50 which were
prepared by polymerization in the absence of metal cations.
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observed with CG-50 and resin 44 indicates that the or//?o-positioned
methoxyl groups in the acyclic dibenzo polyether units participate in the ion
sorption process and increase the Na"*" and K+ sorption by resin 44.
Results obtained from competitive alkali-metal cation sorption by the
dibenzocrown ether carboxyhc acid resins 49 and 50 (Figure 2.13) reveal
sorption selectivity for Na"^, especially with resin 50. The cavity size of the
dibenzo-16-crown-5 units in resins 49 and 50 matches the diameter of the
Na+ wliich accounts for their Na+ selectivities. The liigher Na"*" selectivity of
resin 50 compared to resin 49 is caused by conformational posifioning of the
carboxylic acid ion-exchange sites. The carboxylic acid group in the
monomer 36 and an analogous, 5y/?7-(decyl)dibenzo-16-crown-5-oxyacefic
acid, were shown to be oriented over tiie crown ether cavity by NMR
spectroscopy and an X-ray crystal structure.^^J^^
Influence of Polvmerization Time upon Sorption Selectivities for
Dibenzocrown Ether Carboxvhc Acid Resins. Competitive alkali-metal cation
sorptions by dibenzocrown etiier carboxylic acid resins 49 and 50 which had
been prepared by polymerization for different time periods were measured
with the standard sorption-stripping procedure given in tiie previous section.
Control experiments showed a 2-hour sorption time and 1-liour stripping time
were sufficient to reach equilibrium even for resins which had been
polymerized for 12 days. Table 2.5 and Figure 2.14 present the competitive
sorpfion results for the different samples of resins 49 and 50.
As can be seen in Figure 2.14a, a sliglit Na"*" selecfivity is observed for
the 1-day resin 49. hicreasing the polymerization time diminishes the Na+
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selectivity. Ahnost the same sorpfion values for Na"*" and Li"^ are observed for
resin 49 which was formed by a 12-day polymerization. The influence of the
polymerization time period on the sorpfion behavior is more significant for
resins 50, as shown in Figure 2.14b. Resin 50 has an inherently higher Na^
selectivity than does resin 49 due to orientation of the pendent carboxylic acid
group over the crown ether cavity in the former. The 6-hour resin 50 has
about 4 times as much sorbed Na"*" as the second liighest sorbed species, K"*".
When the polymerization tune period was extended to 12 days, the Na"^
sorption selectivity of resin 50 decreases dramatically and the sorptions for
the other alkali-metal cations remain virtually unchanged.
Table 2.5.

Competitive alkali-metal cation sorption by dibenzocrown ether
carboxylic acid resins 49 and 50 which were prepared by
polymerization for varying time periods.
Sorpt ion (mmol/g)

Resin

Polym. Time

Li+

Na+

K+

Rb+

Cs+

49

1 day

0.30

0.46

0.33

0.25

0.25

4 days

0.34

0.37

0.29

0.24

0.25

12 days

0.35

0.34

0.29

0.25

0.26

6 hours

0.20

0.84

0.16

0.12

0.14

1 day

0.22

0.59

0.16

0.13

0.15

4 days

0.19

0.40

0.14

0.12

0.13

12 days

0.18

0.28

0.13

0.13

0.15

50

49

Polymerization Time (day)

Figure 2.14. Alkali-metal cations sorption by resins (a) 49 and (b) 50 which
were prepared by polymerization for varying time periods. (D)
Li+; (X) Na+; (•) K+; (0) Rb+; (A) Cs+.
The alkali-metal sorptions of dibenzocrown ether carboxylic acid resins
49 and 50 produced by polymerization for 12 days were also measured in
methanol-water (60:40) solution. The addition of methanol in the liquid phase
is known to increase the metal cation sorption efficiency for the hydrophobic
crown ether formaldehyde-type resins.^^ xhis can be explained by an
increased penetration by the alkah-metal cations into the resin matrix with the
less hydropliilic methanol-water solution. As shown by the data presented in
Table 2.6, the change to aqueous methanol has very little influence on the
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sorption behavior of the liiglily crosslinked dibenzocrown ether carboxylic
acid resins 49 and 50.
Table 2.6.

Alkali-metal sorption from aqueous and methanol-water
(60:40) solutions by dibenzocrown ether carboxylic acid
resms 49 and 50 wliich were prepared by polymerization
for 12 days.
Sorption (mmol/g)

Resm

Li+

Na+

K+

Rb+

Cs+

49-12 daysa

0.35

0.34

0.29

0.25

0.26

49-12 daysb

0.35

0.35

0.29

0.25

0.26

50-12 daysa

0.19

0.28

0.13

0.13

0.15

0.31
50-12 daysb
0.13
0.13
0.19
^: Sorption from aqueous solution.
b: Sorption from methanol-water (60:40) solution.

0.15

Search for a Template Effect in Alkali-Metal Sorption bv Dibenzo
Polvether Carboxvlic Acid Resins. The possibility of a template effect during
polymerization on the sorption behavior of dibenzo polyether carboxylic acid
resins was investigated. Competitive sorption of alkali-metal cations from an
aqueous solutions were assessed with the sorption-stripping procedure
described earlier in tliis chapter.
For acyclic polyether carboxylic acid resms 41 and 44 wliich were
prepared by polymerization of monomers 28 and 31, respectively, in the
absence and presence of one molar equivalent of alkali-metal cation, the
alkali-metal sorption from aqueous solution was found to be exactly the same.

51

no matter if an alkali-metal cation species was present during polymerization
or not or which alkali-metal cation was present during the polymerization
process. The measured alkali-metal sorptions are as follows: (a) for resin 41,
Li+ = 0.66, Na+ = 0.46, K+ = 0.39, Rb+ = 0.39 and Cs+ = 0.45 mmol/g; and
(b) for resin 44, Li+ = 0.49, Na+ - 0.46, K+ =0.44, Rb+ = 0.40 and Cs+ =
0.42 mmol/g. Thus no template effect was observed when alkali-metal cations
were present during the polymerizations of acyclic dibenzo polyether
carboxyhc acids.
Competitive alkali-metal cation sorption by dibenzocrown ether
carboxylic acid resins 49 and 50 which resulted from polymerization
conducted in the absence and presence of alkali-metal cations was measured.
The results are presented in Table 2.7. With these resins, the alkali-metal
sorption behavior is influenced by the conditions under which they were
prepared. The sorption of Na^ by resin 50 is especially sensitive to the
presence of alkali-metal cations. However, the presence of any of the alkalimetal cations during the polymerization gives enhanced Na"*" sorption by the
resultant resms. Therefore this is not a template effect. The source of sorpfion
selectivity, the dibenzo-16-crown-5 unit, has a fairly rigid ring structure and
well-defined ion specificity. The complexation behavior of tiiis crown ether
cavity cannot be readily ahered by the presence of metal cations in the
polymerizafion process. Also the alkali-metal cations are not good template
cafions owing to their nS^ electronic configuration.
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Table 2.7.

Compefitive alkali-metal cafion sorpfion by resins 49 and 50
produced by polymerization in the absence and in the presence
of one molar equivalent of alkali-metal cation.
Added

Sorption (mmol/g)

Resin

Cation

Li+

Na+

K+

Rb+

Cs+

49

None

0.34

0.47

0.29

0.24

0.25

Cs+

0.34

0.51

0.40

0.30

0.31

None

0.22

0.59

0.16

0.13

0.15

Li+

0.21

0.86

0.20

0.15

0.16

K+

0.22

0.87

0.20

0.15

0.16

Rb+

0.22

0.87

0.20

0.15

0.16

Cs+

0.21

0.83

0.20

0.15

0.16

50

0.22
0.74
0.20
0.15
Cs+*
0.16
* From polymerizafion with a metal salt:monomer molar rafio of 0.5.
The differences

of alkali-metal cation sorption behavior

for

dibenzocrown etiier carboxylic acid resins prepared from the same monomer
in the absence and presence of different alkali-metal cations is most likely
caused by the variance in crosslinking levels witiiin tiie resms. For
formaldehyde

condensation polymerization, as noted previously, the

polycondensation and crosslinking reactions occur simultaneously The resin
obtained in liiglier yield is expected to have a liiglier level of crosslinking.
Figure 2.15 presents the relationship between tiie alkah-metal sorption and
polymerizafion yield for resin 50 prepared in tiie absence and presence of
different alkali-metal cations. The plot was obtained by a combination of the
yield data from Table 2.1 with tiie sorption data from Table 2.7. Resms with
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lower polymerization yields have liiglier sorption selectivities for Na"^. With
the mcrease in polymerization yield, the sorption selectivity for Na"^
decreases. For the other alkali-metal cations, there is no significant influence
of tiie resin yield on the sorption behavior.
1.0
0.8

^
'o
o

o
^

-
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Yield (%)
Figure 2.15. Relationsliip between the alkali-metal cation sorption and the
polymerization yield for resin 50. Metal ion (equivalents)
present during polymerization: (a) K+ (1.0) or Rb"^ (1.0); (b) Li"^
(1.0); (c) Cs+ (1.0); (d) Cs+ (0.5); (e) none. Li+ (D), Na+ (X),
K+ (•), Rb+ (0), Cs+ (A).

The sorption selectivity for Na+ by resins 50 is attributed to the
coordination of Na+ by both the carboxylic acid group and the crown ether
cavity- Resins obtained in liiglier yield have a higlier crosslinking level, wliich
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liuiders entrance of a metal cation bound by a carboxylate group uito the
crown ether cavity and makes the ion-exchange group play a more important
role in the sorption process. The Na+ selectivity, therefore, diminishes with
an increase of the level of crosslinking. Ultimately, the ion-exchange
carboxylic acid group will determuie the sorption selectivity at an extremely
high crossluiking level. Althougli reactivity of the ion-exchange carboxylic
acid group with metal cations should also be somewhat dependent on the
crossluiking degree of the resins, the hindrance for the ion-exchange reaction
is expected to be weak compared to the effect on the metal cation
complexation by the crown ether unit.
The alkali-metal sorption by dibenzocrown ether carboxylic acid resin
50 prepared by polymerization for 6 hours without metal cation addition can
be compared witii the sorpfion of resin 50 prepared by a one-day
polymerization m tiie presence of one molar equivalent of Cs"^. The results
for the alkali-metal cation sorption by these two resins are shown in Tables
2.5 and 2.7 and are found to be the same within experimental enor. The
polymerization yields for these two resins are very close at 26% and 28%,
respectively. Tliis further supports the contention that the metal sorption
behavior of resin 50 is detennined mainly by the polymerization yield no
matter how tiie resins are prepared.
The yields of acychc polyether carboxylic acid resins 41 and 44
prepared by polymerization in the absence and presence of alkali-metal
cafions are also different. As shown in Table 2.1, the polymerization yields of
resms 41 and 44 are in the range of 23-43% and 62-82%, respectively, under
different reaction conditions. The difference of the polymerization yield
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suggests a variance m the crosslinking level for these resins. However no
mfluence of the yield on the sorpfion behavior of these resins is observed as
was the case for dibenzocrown carboxyhc acid resin 50. Due to the relatively
weak complexation ability of acyclic polyether pseudocavities with alkalimetal cations, little influence of the crosslinking level on the metal cation
sorption selectivity is reasonable.
Alkali-Metal Picrate Extraction by
Neutral Dibenzocrown Resins and
Some Monomers
A common method for evaluating the metal cation complexing ability
of mipolymerized crown etiiers is the metal picrate extraction method. 1»1^^"
1^2 xiiis method has been utilized to measure the alkali-metal cation
complexing ability of dibenzocrown ether monomers 1 and 34. For the
correspondmg dibenzocrown ether resins 45 and 48, respectively, the liquidliquid picrate extraction procedure could not be employed due to the
insolubility of the resins in all solvents. So a hquid-sohd extraction procedure
was utilized. A certain amount of resin (10.0 mg for 45 and 50.0 mg for 48)
and 5.0 ml of an aqueous solution of metal picrate (5.5 mM in MPic and 0.01
M in MOH) was shaken in a centrifuge tube for a designated period of time
(nonnally 4 hours). The amount of metal picrate removed from the aqueous
phase by the dibenzocrown ether resm was then determined with a UV-Vis
spectrophotometer by measuring the absorbance in the aqueous phase before
and after extraction.
First, the effect of polymerization time on tiie alkah-metal picrate
extraction by the neutral dibenzo-18-crown-6 ether resin 45 was studied. The
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picrate sorption results for resin 45 are presented in Table 2.8 together with
the picrate extraction resuhs for the conesponding monomer 1. For the 4-hour
resm 45, the alkali-metal picrate sorption efficicencies are liiglier than the
picrate extraction efficiencies of monomer 1 except for K+. The sorption
enhancement and K+ selectivity decrease in resins 45 may be attributed to
interactions of alkali-metal cations with more than one crown ether unit (i.e.,
sandwich-type complexation) in the resins. Sandwich-type metal ion
complexation has been reported for soluble formaldehyde-type crown ether
polymers. 5 3
Table 2.8.

Alkah-metal picrate sorption by dibenzo-18-crown-6 resin 45
prepared by polymerization for differing time periods.

Resin or

Picrate Sorbed ( % )

Monomer

Li+

Na+

K+

Rb+

Cs+

45-4 hours

7

31

44

37

27

45-24 hours

6

25

40

33

26

45-60 hours

6

21

34

30

24

52
2
32
<1
1*
* Tliis set of data is from a hquid-liquid picrate extraction
experiment with dibenzo-18-crowii-6 (1) in wliich 10.0 mg
of 1 in 5.00 ml of clilorofonn was used instead of 10.0 mg
of the 45 resins.

15

The relative selectivities for each alkah-metal cation among resm 45
prepared by polymerization for different time periods remain almost
michaiiged, although the overall sorption efficiency varies. The resin
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synthesized by polymerization for the longest time period, 60 hours, has the
lowest sorpfion efficiency. This is due to the liigliest level of crosslinking
degree m the 60-hour resin which was obtamed in the highest polymerization
yield of74% (Table 2.3).
As noted previously, the level of crosslinking mainly affects the
sorption selectivity and efficiency for the crown ether-favored alkali-metal
cation. For resins 50, two ion complexation processes, ion-exchange and
crown ether complexation, were involved in the ion sorption process. Metal
cation coordination by both the carboxylic acid group and crown ether unit is
affected by crosslinking. Thus, the Na"^ selectivity of the crown ether units in
resins 50 decreases with the increase in level of crosslinking. On the other
hand, for resin 45, the crown ether complexation process is the only
mechanism for metal cation sorption. The change of crosslinking degree
witliin the resin affects only the penetration of metal cation to the imier
regions of the resin (sorption efficiency) and not the sorption selectivity.
Finally, it should be mentioned that the sorption selectivity for the
dibenzocrown ether carboxylic acid resins 50 was measured in a competitive
system, wliile the selecfivity of the metal picrate sorptions for neutral
dibenzocrown ether resins was estimated from single cation species sorption
systems.
The possibility of a template effect during the polymerization process
on alkali-metal picrate extraction by neutral dibenzocrown ether resins was
also investigated with hquid-sohd extraction experiments. Typical results for
sorption of alkali-metal picrates by resins 45 and 48 are presented in Table
2.9. No metal cation sorption enhancement is noted for resins prepared in the
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presence of metal ions. Tliis is consistent with the sorption results described
earlier for the dibenzocrown ether carboxylic acid resins. However, there are
some small differences in sorption efficiencies for the resins prepared in the
absence and presence of alkali-metal cations. The small increases ui sorption
capacities for resins 45 and 48 synthesized in the presence of an alkali-metal
cation are presumably due to the change in the level of crosslinking. The
resms prepared m the absence of alkali-metal cation have a liiglier yield and a
higher crossluiking degree, wliich liinders penetration of alkali-metal cations
from the aqueous phase mto the imier regions of the resins. Thus, an
increased metal picrate sorption efficiency was observed for the resins
polymerized in the absence of metal cations.
Table 2.9.

Alkah-metal picrate extractions of resins 45 and 48 prepared
by polymerizations in the absence and presence of an molar
equivalent of alkali-metal cation.
Picrate Sorption ( % )

Added
Resin

Cation

Li+

Na+

K+

Rb+

Cs+

45

None

6

25

40

33

26

Li+

6

27

42

35

26

None

3

8

11

8

7

Cs+

4

10

14

11

10

48
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Formaldehvde Polv(dibeiizo-l 8-crown-6)
Resins Containing Phosphonic Acid and
Phosphonic Acid Monoethyl Ester Groups
Metal cation sorption behavior of ion-exchange resins is influenced by
the identity of the ion-exchange group. Phosphonic acid groups, including
phosphonic monoacid and diacid groups, are moderately strong acidic ionexchange groups. This feature gives them a liiglier sorption capacity than
weak carboxylic acid groups in the low pH range and a higher selectivity than
the strong sulfonic acid groups. In the present aspect of this research,
phosphonic monoacid and diacid groups were introduced into preformed
formaldehyde-type poly(dibenzo-18-crown-6) resin (45) and the alkali-metal
cation sorption behavior of the resultant resins was investigated. The effect of
the identity and substitution degree of the phosphonic acid groups on alkalimetal cation sorptions by tiie resins was also studied.
Synthesis and Characterization
The poly(dibenzo-18-crown-6) resins with phosphonic monoacid and
diacid groups (53 and 54, respectively) on the aromatic rings were
synthesized according to the scheme shown in Figure 2.16. The first step was
to introduce some precursor group into resin 45 for subsequent modification.
Chlorometiiylation of aromatic rings with methylal and thionyl cliloride
catalyzed by SnCl4 is a procedure which has been widely used to make
precursors for the crosslinked polystyrene anion exchange resins. 1^^ It is a
mild cliloromethylafion procedure for use with crosslinked polystyrene beads.
Over 90%) of the polystyrene beads remained unbroken after the
cliloromethylafion reaction, l^^
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MeUiylal, SO2CI
SnCl4

45
rt, 3 days

51

P(0Et)3

51

N2, reflux
1 day

52

aqueous NaOH

52

reflux, 1 day

53
HO

OH

\ /

(CHzP)^
aqueous HCl,

52

reflux, 1 day

54

Figure 2.16. Syntiiesis of poly (dibenzo-18-crown-6) resins 53 and 54 with
phosphonic monoacid and diacid groups, respectively.
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The cliloromethyl group was found to be readily introduced into resin
45 by reaction with methylal and tliionyl cliloride at room temperature
catalyzed by SnCl4. Resin 45 (2.00 g) was placed in a 50 ml glass ampoule,
and 10.0 ml of methylal and 8.5 ml of tiiionyl cliloride were added. After
coolmg tiie ampoule in a dry ice/acetone batii, 0.2 ml of SnCl4 was added and
the ampoule was sealed with a torch. The ampoule was mechanically rotated
at room temperature for tliree days. The cliloriiie content of the resultant
cliloromethylated resin 51 was found to be 3.29% by elemental analysis and a
chlorometiiylation degree of 36% for each dibenzocrown ether unit of the
resm 45 was calculated.
Tliis chlorometiiylation reaction was found to be very sensitive to
changes in the reaction conditions. With a five-fold increase m the reaction
scale, the clilorine content of resin 51 increased to 5.66% and a
clilorometiiylation degree of 65% was calculated. The liiglier level of
clilorometiiylation degree is probably due to a liiglier temperature wliich is
caused by the larger scale of the reaction. By tliis method, low (36%) and
liigli (65%) cliloromethylated poly(dibeiizo-18-crown-6) resin 51 samples
were prepared. Compared with resin 45, tiie ER spectrum of clilorometiiylated
resin 51 showed a new shoulder peak at 1250 cm"l assigned to -CH2- (m CH2CI) and anotiier new weak peak at 680 cm'l wliich is assigned to tiie CCl bond.
The cliloromethyl groups of resin 51 were further transformed to
phosphonic

acid

dietiiyl

ester

group

by

an

Arbuzov

reaction.

Cliloromethylated resin 51 (2.00 g) was refluxed in 20 ml of triethylphospliite for 24 hours under nitrogen atmosphere to afford 2.08 and 2.15 g of
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product resins 52 from the low and liigli cliloromethylated resin 51,
respectively. Tlie IR spectra of the product resins 52 showed signifcant
decreases in the 680 cm-1 absorption wliich was assigned to the C-Cl bond.
Some new peaks attributed to the phosphonic acid diethyl ester group at 2972
cm-1 (CH3-), 1247 cm-1 (p=o) and 1023 cm-1 (p.Q) appeared. Tliese IR
spectral features of the product resins are consistent witii the transformation
of cliloromethyl groups to the phosphonic acid diethyl ester groups by the
Arbuzov reaction. However, tliis transformation is probably not complete
since the weight gain of the resins during the reaction is somewhat smaller
tiian the theoretical value calculated based on the cliloromethylation degree as
detennined by elemental analysis.
Hydrolysis of the phosphonic acid diethyl ester group under strongly
basic and acidic conditions provided the phosphonic monoacid and diacid
resms, respectively. Resin 52 (2.00 g) was refluxed in 8% aqueous sodium
hydroxide and 15% hydrocliloric acid for 24 hours and produced phosphonic
acid contauiing poly(dibeiizo-18-crown-6) resins 53 and 54, respectively. The
chemical structures of the resultant resins were characterized by IR spectra
with the results presented in Table 2.10. It should be noted that serious
overlap and broad peaks are observed in the IR spectra of tiiese crossluiked
resins. Tlie absorptions attributed to tiie ethyl esters were observed to
decrease after hydrolysis under the strongly basic condition and decrease
more after hydrolysis under the strongly acidic condition, as shown in Table
2.10. Meanwliile the peak at 991 cm-1 which is assigned to the phosphonic
acid (P-OH) was found to increase upon the hydrolysis of the phosphonic
acid diethyl ester. Anotiier phosphonic acid peak at about 2700 cm-1 for tiie
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PO-H stretch was not observed due to its overiap with the absorption of
residual water in the resins. Significant water peaks were observed in ER
spectra for resins wliich had been dried in 100 OC vacuum oven for two days.
The high hydrophihcity of resins 53 and 54 makes them very difficult to dry.
Table 2.10. Infrared spectral features of resins 52, 53 and 54.
Wavelength (cm-1)

52

53

54

2973 (-CH3)

shoulder

small shoulder

none

1023 (P-OR)

significant peak

hard to see

hard to see

991 (P-OH)

none

hard to see

small shoulder

The presence of phosphonic monoacid and diacid groups in resins 53
and 54, respectively, were furtiier verified by detennuiing tiieir ion-exchange
capacities. Tliis uivolved measuring their Na+ sorption from 0.20 M aqueous
NaOH. The sorption results of low and liigli substituted 53 and 54 resms are
Table 2.11. Sodium cation sorptions by phosphonic monoacid and diacid
group-containing poly(dibenzo-18-crowii-6) resms 53 and 54.
Resin

Low-53

Low-54

High-53

Higli-54

0.76

1.41

0.89

1.84

Na+ Sorption
rmmol/g)

given in Table 2.11. Both the low and higli substituted phosphonic acid resms
wliich were produced by hydrolysis under strongly acidic conditions have
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ahnost twice the Na+ sorption of the resins wliich were obtained by
hydrolysis under basic conditions. This strongly suggests that the basic
hydrolysis condition provides the phosphonic monoacid resins and the
strongly acidic hydrolysis condition affords the phosphonic diacid resins from
resin 52.

Alkali-Metal Cafion Sorption
Competitive alkah-metal sorption by resins 45 and 51-54 was
investigated using the standard procedure which was described earlier in tliis
chapter. Control experiments showed that a shaking time of 2.0 hours in the
metal cation sorption step and 1.0 hour in the metal cation stripping step were
sufficient to produce reproducible equilibrium sorption results.
Results for competitive sorption of alkali-metal cation from basic
aqueous solutions by resin 45 and the liigli substituted resins 51 and 52 are
presented in Table 2.12. Sorption was very low for aU the three neutral resins.
However, a sorption selectivity for K"*" by the dibenzo-18-crown-6 moiety in
all of the three resins was noted. In addition, the introduction of polar groups,
such as cliloromethyl and phosphonic acid dietiiyl ester groups, onto the
poly(dibenzo-18-crowii-6) resin (45) should increase the hydropliilicity of
resms and seems to sliglitly enliance the sorption ability for alkali-metal salts.
The alkali-metal cation sorption profiles for low and high substituted
resins 53 and 54 at the different equilibrium pH values of the aqueous phase
are presented in Figure 2.17. Compared with the sorpfion resuhs for
carboxylic acid crown ether ion-exchange resins in the low pH raiige,48 the
phosphonic acid poly(dibenzo-18-crown-6) resins 53 and 54 provide higlier
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sorptions for metal cations. For the carboxylic acid resins, no significant
sorption was observed when tiie pH was less than 3 with the sorption
reaching and maintaining maximal levels when the pH was greater than 7.
Ion-exchange sorption of the alkali-metal cations is controlled by
deprotonafion of tiie acidic groups in the resins. The phosphonic acid group is
a stronger acid than carboxylic acid fimction and can be deprotonated at a
lower pH. Figure 2.17 show that resins 53 and 54 have significant alkalimetal cation sorptions even when the pH is as low as 2. Thus, introduction of
phosphonic acid groups, either monoacid or diacid groups, onto the resins
instead of carboxylic acid groups produces markedly enlianced metal cation
sorptions in the low pH range.
Table 2.12. Alkali-metal sorption by neutral poly(dibenzo-18- crown-6)
resins 45, 51 and 52.
Sorption (mmol/g]1
Resm

Li+

Na+

K+

Rb+

Cs+

45

<0.01

0.01

0.03

<0.01

<0.01

Higli-51

0.01

0.04

0.07

0.05

0.06

Higli-52

0.02

0.04

0.09

0.06

0.05

In Figure 2.17, significant differences in alkah-metal sorpfion behavior
are observed for phosphonic acid resins 53 and 54 witii different levels of
acid substitution. The low substituted resin 53 witii a monoacid group has a
sorption selectivity for the K+ over the entire pH range. The size of the K"^ is
best matched with the cavity of the dibenzo-18-crowii-6 unit. This
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demonstrates that the sorption process involves both the ion-exchange
phosphonic monoacid group and the crown ether cavity. The phosphonic
monoacid group provides a cation access site and the crown ether cavity of
dibenzo-18-crown-6 affords the cation sorption selectivity.

1

3

5

7

9 11 13

1

3

5

7

9 11 13

1

3 5

7 9 11 13

1

3

5

7

9 11 13

pH

Figure 2.17. Alkah-metal cafion sorption profiles for the phosphonic acidcontaining poly(dibenzo-18-crown-6) resins at different
equilibrium pH values for the aqueous phase: (a) low substituted
53; (b) low substituted 54; (c) higli substituted 53 and (d) liigli
substituted 54. (D) Li+, (O) Na+, (•) K+, (0) Rb+, (A) Cs+.
The sorption behavior of the higli substituted resin 53 is shown in
Figure 2.17c. hi the low pH range of less than about 8, sliglit sorption
selectivity for K+ is observed, hi the liigh pH range of greater than 8, weak
sorption selectivity for Li"^ is observed. Sorption of Li"^ is prefened by most
ion-exchange resins due to its liigh charge density. The higli substituted resin
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53 has a liiglier molar ratio of phosphonic monoacid groups to crown ether
miits. Tliis causes the selectivity changes in the ion-exchange sorption
process. A low molar ratio of phosphonic monoacid groups to crown ether
units makes it possible for the crown ether cavity to exert its cation binding
selectivity. Wlien the level of phosphonic monoacid groups mcrease, the
sorpfion selectivity becomes controlled by the ion-exchange site and sorption
selectivity for Li+ is observed.
Similar trends m sorption behavior are also found for the low
substituted resin 54 (Figure 2.17b) wliich has phosphonic diacid groups, hi
tiie low pH range, there is some sorption selectivity for K"^. However tliis
changes to Li+ sorption selectivity at alkaline pH. It is unpossible for each
phosphonic diacid group to have two crown etiier units around it because of
the fixed and rigid structure m the solid resins. Therefore there are not enougli
crown ether units in tiie vicuiity of the phosphonic diacid groups to selectively
bmd witii a second metal cation. Tliis causes the disappearance of sorption
selectivity for K"^ by the low substituted resin 54 at liigli pH range.
For the liigli substituted resin 54, whose sorption results are shown ui
Figure 2.17d, no sorption selectivity for K"*" is observed even in the low pH
range and a liigli Li+ sorption selectivity is observed at the liigli pH range.
Tliis is caused by the combined effects of both the liigh level of phosphonic
acid substitution and the second deprotonation of the phosphonic diacid group
in the liigli pH range.
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Experimental
Apparatus and Reagents
Meltmg pomts were detennined on a Fisher-Jolms melting point
apparatus. 1 H NMR spectra were recorded with a Brucker-IBM AF-200
NMR spectrometer. Chemical sliifts in parts per million (ppm) downfield
from the internal standard tetramethylsilane (TMS). Splitting pattern are
mdicated as: s, singlet; d, doublet; t, triplet; and m, multiplet. Infrared (ER)
spectra

were

recorded

on

a

Perkin-Ehner

1600

Series

FT-ER

spectrophotometer and are given in wavenumbers (cm'l). Concentrations of
alkali-metal cations in the aqueous phases were determined with a Dionex
Model 2000i ion cliromatograph. Concentrations of alkali-metal picrates in
the aqueous phases were detennined with a Sliimadzu UV-260 UV-Vis
spectrophotometer. A Bunell Model 25 wrist-action shaker was used to
shake the aqueous solution-resin mixtures. Elemental analysis was perfonned
by Desert Analytics at Tucson, Arizona.
Alkali-metal picrate salts were kindly prepared by Mark Eley, another
member of the Bartsch Research Group, from picric acid and alkali-metal
hydroxides and were purified by recrystallizafion. All of the alkali-metal
clilorides, carbonates and hydroxides were commercial products witii purities
over 98%. All organic compounds employed for the synthesis were reagentgrade commercial products and were used as received, except as specified
otiierwise. Purified water was prepared by passmg distilled water tlirougli
tiiree Bamstead D8922 combination cartridges in series.
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Svnthesis of Dibenzo Polvethers
Preparation of propyleneglycol dimesylatel^^
In an ice-sah bath, a solution of 1,3-propanediol (38.05 g, 0.50 mol) in
150 ml of dicliloromethane was added dropwise to a stirred solution of 100.0
g (1.10 mol) of triethylamine m 200 ml of dicliloromethane. Then 125.9 g
(1.10 mol) of mesyl cliloride m 100 ml of dicliloromethane was added
dropwise during a period of 2 hours with the temperature of reaction mixture
kept at 0 OC or below. The mixture was stined at room temperature for
another 2 hours and 200 ml of 1.0 N HCl solution was added. Tlie
dichloromethane layer was separated and washed with water (2x200 ml), 0.1
N aqueous NaHCOa (3x200 ml), brine (2x200 ml) and water (2x200 ml) and
dried over MgS04. The dicliloromethane solution was evaporated in vacuo
and the residue was dried m a vacuum oven at 60 ^C to give 81.2 g (70%) of
hght yellow oil. IR (fihn): 1338, 1250 (SO2) cm-1. N M R (CDCI3): 5 2.152.30 (m, 2H), 3.06 (s, 6H), 4.30-4.45 (t, 4H).
Preparation of l,3-bis((?-metlioxyphenoxy)propane (26)
Under nitrogen, 10.60 g (85.0 mmol) of guaiacol and 4.00 g of NaOH
(0.10 mol) were added to 300 ml of acetonitrile and the mixture was refluxed
for 2 hours. To the mixture, 9.28 g (40.0. mmol) of propyleneglycol
dunesylate in 100 ml of MeCN was added dropwise during a period of 1
hour. After refluxing for 24 hours, the reaction mixture was cooled to room
temperature and filtered tlirough a sintered glass funnel. The acetonitrile
solution was evaporated in vacuo and the residue was dissolved m
dichloromethane (250 ml). The solufion was washed with O.l N aqueous
NaOH (3x200 ml) and water (2x200 ml) and dried over MgS04. After
70

evaporation of the solvent in vacuo and recrystallization from dietiiyl ether,
15.02 g (65%)) of wliite solid witii mp of 113.5-114.5 OC was obtained. IR
(deposit from CDCI3 solution onto a NaCl plate): 1256, 1225, 1124 (C-0)
cm-1. 1 H NMR (CDCI3): 5 2.25-2.55 (m, 2H), 3.85 (s, 6H), 4.15-4.40 (t,
4H), 6.70-7.00 (m, 8EI). Elemental analysis: Calculated for C17H20O4: C,
70.81, H, 6.99; Found, C, 70.80, H, 6.74.
Preparation of l,3-bis(o-metiloxyphenoxy)-2-propallol (27)
To a solution of 16.16 g (0.132 mol) of guaiacol in 300 ml of THFwater (4:1), 5.28 g (0.132 mmol) of NaOH was added. The reaction mixture
was refluxed for 1 hour under nitrogen. The mixture was cooled to about 50
OC and 6.11 g (66.0 mmol) of epiclilorohydrin in 50 ml of THF was added
dropwise with an addition fuimel during a I-hour period. After refluxing for I
day, the TEIF was evaporated in vacuo and the aqueous residue was extracted
with dichloromethane (3x100 ml). The combined dicliloromethane extracts
were washed with 0.1 N aqueous NaOH (3x100 ml), brine, 1 N HCl solution
(100 ml) and brine (100 ml). The dichloromethane solution was dried over
MgS04 and evaporated in vacuo to give a wliite solid. After recrystallization
from hexane-diethyl ether, 16.87 g (84%) of wliite sohd with a mp of 69-70
OC (ht.48 69-71 OC) was obtamed. IR (deposit from CDCI3 solution onto a
NaCl plate): 3476 (OH) cm'l. 1H NMR (CDCI3): 5 3.25-3.40 (d, IH), 3.64
(s, 6H), 4.10-4.30 (m, 4H), 4.30-4.50 (m, IH), 6.80-7.05 (m, 8H).
Preparation of 4-(o-metlioxyplienoxyinetliyl)-5(o-metiioxyphenoxy)-3-oxapentanoic acid (28)
Under nitrogen, to 4.00 g (0.10 mol) of NaH 60% dispersion m mineral
oil wliich had been washed witii dry pentane, 100 ml of dry THF was added.
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A solufion of 6.10 g (20.0 mmol) of l,3-bis(o-methoxyphenoxy)-2-propanol
in 200 ml of dry TEEF was added dropwise at room temperature. The reaction
mixture was stirred for 0.5 hour and a solution of 4.14 g (30.0 mmol) of
bromoacefic acid m 50 ml of dry THF was added with an addition fiumel
during a period of 1 hour. The mixture was stined ovemiglit at room
temperature and then cooled in an ice-water bath. Ice-water was added
carefully to the mixture to destroy the excess NaH. After evaporation of the
TEIF ui vacuo, 100 ml of water was added to the residue and the pH was
adjusted to about 1 with concentrated hydrocliloric acid. The aqueous phase
was extracted by dicliloromethane (3x100 ml). The dichloromethane extracts
were combined, dried over MgS04, and evaporated in vacuo to give a liglit
yellow solid. The liglit yeUow solid was recrystallized from diethyl etherliexane to afford 6.54 g (90%) of wliite solid product with a mp of 90-92 ^C
(lit.48 82-84 oC). IR (deposit from CDCI3 solufion onto a NaCl plate): 3520
(COOH), 1761 (C=0) cm-1. 1 H NMR (CDCI3): 5 3.86 (s, 6H), 4.10-4.40
(m, 5H), 4.48 (s, 2H), 6.85-7.08 (m, 8H).
Preparafion of l,3-bis(p-metlloxyphenoxy)propalle (29).
Under nitrogen, 10.60 g (85.0 mmol) of p-metiioxyphenol and 4.00 g
(0.10 mol) of NaOH were added to 300 ml of acetonitrile and the mixture was
refluxed for 2 hours. To the mixture, a solution of 9.28 g (40.0 mmol) of
propyleneglycol dimesylate in 100 ml of acetonitrile was added dropwise
during a period of 1 hour. After refluxing of 24 hours, the reaction mixture
was cooled to room temperature and filtered tlirougli a sintered glass funnel.
Tlie acetonitrile solution was evaporated in vacuo and tiie residue was
dissolved m dichloromethane (250 ml). The dicliloromethane solution was
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washed with 0.1 N aqueous NaOH (3x200 ml) and water (2x200 ml) and
dried over MgS04. After evaporation of the solvent in vacuo and
recrystallizafion of the residue from diethyl ether, 14.50 g (63%) of wliite
solid with a mp of 86-87 oc was obtained. IR (deposit from CDCI3 solution
onto a NaCl plate): 1288, 1239, 1031 (C-0) cm-1. 1H NMR (CDCI3): 5
2.15-2.35 (m, 2H), 3.76 (s, 6H), 4.05-4.15 (t, 4EE), 6.70-7.00 (m, 8H).
Elemental analysis: Calculated for C17H20O4: C, 70.81, H, 6.99; Found, C,
70.88, H, 6.96.
Preparafion of l,3-bis(p-metlioxyphenoxy)-2-propanol (30)
To a solution of 16.16 g (0.132 mol) ofp-methoxyphenol in 300 ml of
THF-water (4:1), 5.28 g (0.132 mol) of NaOH was added. The reaction
mixture was stirred and refluxed for 1 hour under nitrogen. The mixture was
cooled to about 50 oC and a solufion of 6.11 g (66.0 mol) of epichlorohydrin
in 50 ml of THF was added dropwise witii an addition fumiel during a period
of 1 hour. After refluxing for 1 day, the THF solvent was evaporated m
vacuo. Tlie aqueous residue was extracted with dichloromethane (3x100 ml).
The combmed dicliloromethane extracts were washed with 0.1 N aqueous
NaOH (3x100 ml), brine (100 ml), 1 N HCl (100 ml) solution and brine (100
ml) again. The dicliloromethane solution was dried over MgS04 and
evaporated ui vacuo to give a wliite solid wliich was recrystallized from
diethyl ether-hexane to give 16.45 g (82%) of white sohd with a mp of 99100 oc. (lit.92 99-100 oc) ER (deposit from CDCI3 solution onto a NaCl
plate): 3475 (OH) cm'l. 1H NMR (CDCI3): 5 2.60-2.75 (d, IH), 3.77 (s,
6EE), 4.05-4.25 (m, 4H), 4.25-4.45 (m, lEI), 6.75-7.05 (m, 8H).
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Preparation of 4-(p-methoxyphenoxymethyl)-5-(p-methoxyphenoxy)-3oxapentanoic acid (31)
Under nitrogen, to 4.00 g (0.10 mol) of NaH 35% dispersion in mineral
oil wliich had been washed with dry pentane, 100 ml of dry TEIF was added.
A solution of 6.10 g (20.0 mmol) of l,3-bis(p-metlioxyplienoxy)-2-propaiiol
in 200 ml of dry TEEF was added dropwise at room temperature. The reaction
mixture was stirred for 0.5 hour and a solution of bromoacetic acid (4.14 g,
30.0 mmol) m 50 ml of THF was added witii an addition funnel during a
period of 1 hour. The mixture was stined ovemiglit at room temperature and
tiien cooled m an ice-water bath. Ice-water was added carefully to the mixture
to destroy tiie excess NaH. After the THF was evaporated in vacuo, 100 ml of
water was added to the residue and the pH was adjusted to about I with
concentrated hydrocliloric acid. The aqueous phase was extracted with
dichloromethane (3x100 ml). The combined dicliloromethane extracts were
dried over MgS04 and evaporated to give 6.76 g (93%) of product as a hglit
yellow oil. IR (fihn): 3204 (COOH), 1764 (C=0) cm-1. I R NMR (CDCI3): 5
3.77 (s, 6H), 4.10-4.30 (m, 5EE), 4.43 (s, 2EE), 6.75-7.00 (m, 8EE).
Preparafion of 5y/w-dibeiizo-16-crown-5 (32)
Under nitrogen, 6.53 g (22.5 mmol) of diphenol and 15.50 g of
CS2CO3 (47.5 mmol) were added to 300 ml of acetonitrile and tiie mixture
was refluxed for 2 hours. To tiie mixture, a solution of propyleneglycol
dimesylate (5.22 g, 22.5 mmol) in 100 ml of acetonitrile was added by
syringe pmnp during a period of 8 hours. After refluxuig for 24 hours, the
reaction mixture was cooled to room temperature and filtered with a smtered
glass filter fniniel. The filtrate was evaporated in vacuo and the residue was
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dissolved m dicliloromethane (250 ml). The dichloromethane solution was
washed with 0.1 N NaOH solution (3x200 ml) and water (2x200 ml) and
dried

over MgS04. After

evaporation

of solvent

in vacuo and

recrystallizafion of the residue from methanol, 5.91 g (80%) of white solid
product witii a mp of 117-118 oc (lit.93 i n - H g O Q was obtained. IR
(deposit from CDCI3 solution onto a NaCl plate): 1123 (C-0) cm-1. 1 H
NMR (CDCI3): 5 2.15-2.35 (m, 2H), 3.65-4.45 (t, 12H), 6.75-7.10 (m, 8H).
Preparation of 5>'m-(methoxy)dibenzo-16-crowii-5 (34)
Under nitrogen, to 4.00 g (0.10 mol) of NaH 60% suspension in
mineral oil wliich had been washed with dry pentane, 100 ml of dry TEEF was
added. A solufion of 5>'m-(liydroxy)dibenzo-16-crown-5 (6.73 g, 20.0 mmol)
in 200 ml of dry TEEF was added dropwise at room temperature. The reaction
mixture was stirred for 0.5 hour and a solution of CH3I (4.29 g, 30.0 mmol)
in 50 ml of TEEF was added with an addition funnel during a period of 1 hour.
The mixture was stirred overnight at room temperature and cooled in an icewater bath. Ice-water was added carefiiUy to the mixture to destroy the excess
NaH. After evaporation of the THF in vacuo, 100 ml of water was added to
the residue and the pH was adjusted to about 1 witii concentrated
hydrocliloric acid. The aqueous mixture was extracted with dichloromethane
(3x100 ml). The combined dicliloromethane extracts were dried over MgS04
and evaporated m vacuo to give a liglit yellow solid which was recrystallized
from diethyl ether to afford 5.89 g (82%) of white solid with a mp of 95.596.5 OC (lit.93 95.5-96.5 oC). IR (deposit from CDCI3 solution onto a NaCl
plate): 1257, 1124 (C-0) cm-1. I H N M R (CDCI3): 5 3.64 (s, 3H), 3.65-4.50
(m,13H), 6.70-7.10 (m,8H).
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Preparafion of 57m-dibellzo-16crown-5-oxyacefic acid (35)
Under nitrogen, to 14.20 g (0.12 mol) of KH 35% suspension in
muieral oil which had been washed with dry pentane, 100 ml of dry TEIF was
added. A solufion of 5y/w-(liydroxy)dibenzo-16-crown-5 (6.89 g, 20.0 mmol)
in 200 ml of dry TEEF was added dropwise at room temperature with an
additional funnel. The reaction mixture was stined for 0.5 hour and a solution
of bromoacefic acid (5.52 g, 40.0 mmol) was added witii an addition fumiel
during a period of 1 hour. The mixture was stirred overnight at room
temperature and cooled in an ice-water bath. Ice-water was added carefully to
tiie mixture to destroy the excess KH. After the TEEF was evaporated in
vacuo, 100 ml of water was added to the residue and tiie pH was adjusted to
about 1 with concentrated hydrocliloric acid. The aqueous mixture was
extracted by dichlorometiiane (3x100 ml). The combined dichloromethane
extracts were dried over MgS04 and evaporated to give a liglit yellow solid
which was recrystaUized from etiianol to afford 6.60 g (82%) of white solid
witii a mp of 165-166 oc (lit.93 165=-166 OQ. IR (deposit from CDCI3
solution onto a NaCl plate): 3350 (COOH), 1743 (C=0) cm-1. I R NMR
(CDCI3): 5 3.85-4.00 (m, 4H), 4.10-4.35 (m, 9H), 4.48 (s, 2H), 6.80-7.05 (m,
8EE).
Preparation of 5yw-(keto)dibellzo16-crowll-5 (37)
In 1000 ml of acetone wliich was vigorously stured with a mechanical
sturer and cooled in an ice bath, 20.00 g (57.7 mmol) of sym(hydroxy)dibeiizo-16-crown-5 (33) was dissolved. To tliis solution, 60 ml of
Jones reagent (containing 16.0 g of Cr03 and 13.8 ml of concentrated sulfuric
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acid) was slowly added with an addition fiimiel during a 2-hour period at icewater temperature. The mixture was stirred at room temperature oveniiglit.
The upper yellowish solution was decanted from the green residue and the
yellowish solufion was concentrated in vacuo unfil only about 150 ml
remained. The residue mixture was poured in 1000 ml of ice water to give a
precipitate wliich was fihered to give a yellow solid. Soxlet column
cliromatography on alumina with dicliloromethane as eluent was used to
purify the crude product to afford 11.90 g (60%) of wliite sohd with a mp of
148.5-149.5 oc (lit.94 148.5-149.5 oC). IR (KBr pellet): 1738 (C=0), 1248,
1116 (C-O) cm-1. 1 H NMR (CDCI3): 5 3.85-4.25 (m, 8H), 5.01 (s, 4H),
6.70-7.15 (m,8Er).
Preparation of 5;y/w-(hydroxy)(propy 1)dibenzo-16-crown-5 (38)
Under nitrogen, magnesium turnings (0.60 g, 25.0 mmol) were added
to 3.04 g (24.5 rmnol) of 1-bromopropane in 200 ml of dry THF and the
mixture was refluxed for about 5 hours. The solution was cooled in an ice
bath and a solution of 5>^/w-ketodibenzo-16-crown-5 (6.36 g, 18.5 mmol)
dissolved in 150 ml of dry TEEF was added dropwise with an addifion funnel
during a 0.5-liour period. The reacfion mixture was refluxed for 1 hour and
then stirred overnight at room temperature. The reaction mixture was cooled
in ice-water and 100 ml of 0.1 M HCl solution was slowly added. After
evaporation of the TEEF in vacuo, tiie residue was extracted with
diclilorometiiane (2x150 ml). The combmed dicliloromethane extracts were
dried over MgS04 and evaporated in vacuo to give a light yeUow solid wliich
was recrystallized from diethyl ether to give 6.00 g (84%) of white solid with
a mp of 120-121 oc (lit.48 120-121 oC). IR (deposit from CDCI3 solufion
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onto a NaCl plate): 3449 (OH) cm-1. 1H N M R (CDCI3): 5 0.90-1.10 (t, 3H),
1-45-1.65 (m, 2H), 1.80-1.90 (m, 2H), 3.22 (s, IH), 3.80-4.30 (m, 12H),
6.80-7.00 (m, 8H).
Preparation of 5>;m-(propyl)dibenzo16-crown-5-oxyacetic acid (36)
Under nitrogen, to 14.20 g (0.12 mol) of KH 35% dispersion in mineral
oil wliich had been washed with dry pentane, 100 ml of dry TEEF was added.
A solufion of 5yw-(hydroxy)(propyl)dibeiizo-16-crowii-5 (8.00 g, 20.6 mmol)
in 200 ml of dry TEEF was added dropwise at room temperature. The reaction
mixture was stined for 0.5 hour and a solufion of bromoacefic acid (5.72 g,
41.2 mmol) m 50 ml of dry TEEF was added with an addifion fumiel during a
period of 1 hour. Tliis mixture was stirred oveniiglit at room temperature and
cooled m an ice-water batii. Ice-water was added carefully to the mixture to
destroy tiie excess KH. After evaporation of the TEEF in vacuo, 100 ml of
water was added to the residue and the pH was adjusted to about 1 with
concentrated hydrocliloric acid. The aqueous mixture was extracted with
dichloromethane (3x100 ml). The combined diclilorometiiane extracts were
dried over MgS04 and evaporated in vacuo to give a yellow solid wliich was
recrystallized from ethanol to afford 8.55 g (93%) of wliite solid with a mp of
153-154 oc (lit.48 153-54 oC). IR (deposit from CDCI3 solution onto a NaCl
plate): 3357 (COOH), 1746 (C=0) cm-1. I R NMR (CDCI3): 6 0.95-1.15 (t,
3H) 1.50-1.60 (m, 2H), 1.90-2.00 (m, 2H), 3.70-4.20 (m, lOH), 4.60 (d, 2H),
4.85 (s, 2H), 6.60-7.00 (m, 8H).
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Polvmerization of Dibenzo
Polvethers with Fonnaldehvde
The acyclic or cyclic dibenzo polyether monomer 1 and 26-36 (6.0
mmol) was dissolved m a solution of formic acid (100 ml) and fonnaldehyde
(37%) aqueous solution, nonnally 50 ml except for 28 with 100 ml). To the
mixture, a certam amount of alkali-metal salt (usuahy 6.0 mmol of the cation
as the carbonate or hydroxide except as specified) was added. The solution
was refluxed m a 115 oc oil bath for a given period (nonnally one day, 1.5
days for 27 and 28, 4 days for 35 and 6 days for 31) and the mixture was
cooled to room temperature. The precipitate was collected on a smtered glass
fuimel, washed with formic acid, 0.1 N hydrocliloric acid and deionized
water, and then dried in a 100 oc vacuum oven for 1 day. The dried resin was
weiglied and the polymerizafion yield was calculated from the weiglit of the
resm product compared to the weiglit of tiie starting monomer.
For the characterization and metal sorption measurement experiments,
the resms were ground to finer than 100 mesh and further purified by
refluxuig m a large amomit of metiianol for 24 hours. The resms were filtered
and dried m a 100 oc vacuum oven for 2 days before use.

Svnthesis of Formaldehvde-Tvpe
Phosphonic Acid Group-Containing
Polvrdiben7o-18-crown-6) Resins
Preparation of chloromethylated
poly(dibeiizo-18-crown-6) resms (51)
Dry poly(dibenzo-18-crown-6) resin (2.00 g) was added to a 50-ml
ampoule and further dried m a vacumn oven at 100 oc for about four hours.
After cooling to room temperature, 10.0 ml of methylal (113 mmol) and 8.5
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ml of thionyl cliloride (116 mmol) were added to the ampoule by syringe and
the ampoule was cooled in an acetone-dry ice bath. To the ampoule was
added 0.20 ml of SnCl4 (1.7 mmol) and the ampoule was sealed immediately
with a torch. The sealed ampoule was rotated by attacliment to a stirring
motor for tliree days at room temperature. The ampoule then was carefully
opened and the reaction mixture was poured into 150 ml of vigorously stined
carbon tetrachloride and filtered with a sintered glass funnel. The resin was
washed on the funnel with carbon tetrachloride (5x50 ml), acetone (5x50 ml),
1 N HCl (5x50 ml) and then with deionized water until the pH of the washing
water was about 5. After drying in a vacuum oven at 100 oc for 2 days, 2.15
g of product was obtamed. IR (KBr pellet): 1250 (C-H in CH2CI), 680 (C-Cl)
cm"l. Elemental analysis; Found CI, 3.29. Wlien the reaction scale was
mcreased by five times and the same reaction conditions and work-up
procedure were used, 11.93 g of cliloromethylated poly(dibenzo-18-crown-6)
product was obtained from 10.00 g of poly(dibenzo-18-crown-6) resm (45).
IR (KBr pellet): 1250 (C-H in CH2CI), 680 (C-Cl) cm-1. Elemental analysis;
Found CI, 5.66.
Preparation of poly (dibenzo-18-crown-6)
resms containing phosphonic acid dietiiyl
ester groups (52)
Dry cliloromethylated poly(dibeiizo-18-crowii-6) resm (2.00 g) and
20.0 ml of triethyl phospliite (117 mmol) were added to a 50-ml flask. The
mixture was refluxed with stirring mider nitrogen for 24 hours and then
filtered with a smtered glass fuimel. The resm was washed on the fumiel with
acetone (10x50 ml) and dried in a vacuum oven at 100 oc for 2 days. From
2.00 g of low and liigli cliloromethylated resins 49, 2.08 g and 2.15 g of
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products were obtamed, respectively. IR (KBr Pellet): 2972 (C-H in CH3),
1247 (P=0), 1023,1180 (P-0) cm-1.
Preparation of poly(dibenzo-18-crowii-6)
resms contammg phosphonic acid monoethyl
ester groups (53)
Poly(dibenzo-18-crown-6) resm with pendent phosphonic acid diethyl
ester groups 52 (1.00 g) was added to 25 ml of 8% NaOH in water-ethanol
(95:5) in a 50-ml flask. The mixture was refluxed for 24 hours and filtered
with a sintered glass funnel. The resin was washed on the funnel with I N
HCl solufion (3x50 ml) and then with deionized water until the pH of the
washing water was about 5. The resin was dried in a vacuum oven at 100 oc
for 2 days. From 1.00 g of low and liigli substituted 52 resins, 0.95 g and 0.92
g of product resins were obtained, respectively. Elemental analysis; Found for
low substituted 53: C, 60.77, H, 5.76, P, 2.67. Found for high substituted 53:
C, 58.90, H, 5.43, P, 4.28.
Preparation of poly(dibeiizo-18-crowii-6)
resms contauiing phosphonic diacid groups (54)
Poly(dibeiizo-18-crown-6) resm with pendent phosphonic acid diethyl
ester groups 52 (1.00 g) was added to 25 ml of 15% HCl solution in a 50-inl
flask. Tlie mixture was refluxed for 24 hours and filtered with a smtered glass
funnel. The resin was washed on the filter funnel with deionized water mitil
tiie pH of wasliing water was about 5. The resin was dried m a vacumn oven
at 100 oc for 2 days. From 1.00 g of low and liigli substituted 52 resms, 0.88
g and 0.79 g of product resins were obtained, respectively. Elemental
analysis; Fomid for low substituted 54: C, 58.98, H, 5.40, P, 2.97. Found for
liigli substituted 54: C, 57.38, H, 5.10, P, 3.84.
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Competitive Alkali-Metal Cation Sorption
bv Dibenzo Polvether Carboxvlic Acid Resins
A mixture of 5.00 ml of an aqueous solution of LiOH, NaCl, KCl,
RbCl, and CsCl (0.10 M in each, pH about 12.8) and 40.0 mg of the dibenzo
polyether carboxylic acid resin was shaken for 2 hours in a 30-iiil pearshaped flask at room temperature with a Bunell wrist-action shaker. The
mixture was filtered with a sintered glass fuimel and the resin was washed on
the filter witii 100 ml of deionized water and dried at 100 oc for one day. Of
the dried resm, a 20.0 mg of sample was shaken with a 5.00 ml of 0.10 M
HCl for 1 hour to strip the alkali-metal cations from the resin into the aqueous
acidic solution. The concentrations of alkali-metal cations in the stripping
aqueous solution were detemiined with a Dionex Model 2000i ion
chromatograph after a 20-fold dilution with deionized water.
Cation sorption by dibenzo polyetiier carboxylic acid resins at different
equilibrium pH values for the aqueous phase was carried out by addmg
varyuig amounts of LiOH solution to the aqueous solution of the other alkalimetal salts. The Li+ concentration was tiien adjusted to 0.10 M by addition of
0.50 M LiCl solufion. The equilibrimn pH of tiie aqueous phase after filtration
of tiie resm was measured with a Fisher Scientific Accumet Model 825MP
pH meter and a Coming 7605 glass body combinafion electrode.

Alkali-Metal Picrate Sorption
hy Dibenzo Polvether Resins
Tlie dibenzo polyether resin (10.0 mg for 45 and 50.0 mg for 48) and
5.00 ml of an aqueous solufion of an alkali-metal picrate (5.50 mM in MPic
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and 0.010 M in MOH) were shaken m a centrifuge tube at room temperature
with a Bunell wrist-acfion shaker for 4 hours. Tlie mixture was filtered to
remove the resm. Of the filtrate and the origmal metal picrate solution, 1.00
ml of each solution was diluted 200 fold and the UV-Vis absorbance at 357
mn was deteraiuied witii a Sliunadzu UV-260 UV-Vis spectrophotometer.
From tiie difference m absorbance between the filtrate and the original metal
picrate solutions, tiie percentage of sorption of the alkali-metal picrate by the
dibenzo polyether resin was calculated.
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CHAPTER III
SYNTHESIS AND METAL ION COMPLEXATION OF
STYRYL-TYPE POLYMERS WEHCH CONTAIN
CROWN ETHER UNITS
Introduction
Crown ethers are a class of compounds used in the separation of alkalimetal and alkaline earth metal cations from aqueous solution. They have
hydrophilic interior cavities and hydrophobic exteriors and are able to form
stable complexes by coordinating metal cations within their cavities. There
have been many attempts to extrapolate the ion specificity of crown ethers
into polymeric systems, because of the many advantages that polymeric
materials have m practical applications. Tliis involves either immobilization of
a crown ether moiety onto a polymeric matrix or direct polymerization of a
functional monomer wliich contains a crown etiier unit. Linear crown ether
polymers, wliich are soluble and have potential applications in homogeneous
catalysis and ion separation in liquid phases, are an important class of crown
ether polymers. In these linear polymers, the crown ether moieties can be
either pendent groups attached to the polymer chain or part of tiie polymer
backbone. In tiie literature, linear crown ether polymers have been prepared
from vinylbenzo-type monomers,^'^ acrylate-type monomers, 1^-1^ diamine
monomers^^"-^^ and others. Often a crown ether polymer has a liiglier
complexation ability tiian does tiie conesponding crown ether monomer. Due
to the polymer structure, sandwich-type complexation of a cation by two
adjacent crown ether miits is more likely to occur as compared to crown ether
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monomers, especially for pendent crown ether polymers. The coordination of
crown ethers in metal cation complexes of polymers has been studied by a
variety of methods wliich mclude viscometry,9,106 coiiductivity,2,107,108
and optical spectroscopy. 13,109 Several studies have also been reported for
cation complexation by bis(crowii ether) compounds in wliich two crown
ether units are luiked by a short cliaiii.10,110-113 n has been demonstrated
that bis(crown ether) compounds facilitate fonnation of 2:1 crown ethercation complexes. The stabilities of such complexes were found to be
dependent on tiie lengtii, stmcture and flexibility of the comiecting chains
between the two crown ether miits.
In the literature, only crosslinked styryl-type crown ether polymers
contauiing 18-crown-6 miits have been reported.^l*^^ Coupling of styrene
groups to crown ethers and transfonnation of tiiese monomers into
homogeneous crown ether polymers and copolymers are the focus of tliis
chapter. The crown ethers include derivatives of dibenzo-16-crowii-5 and
dicycloliexano-16-crowii-5. hi tiie literature, comprehensive studies of the
relationsliip between tiie stmctural details of crown ether polymers and the
metal cation complexation behavior are rarely reported, hi the present study,
tiie effect of stmctural variations witiiin crown etiier polymers mcluding
dibenzo or dicyclohexano substitutent groups of the crown etiier miits, the
spacer group between the crown ether miit and polymer backbone and the
side ann of the crown ether miits upon alkali-metal cation complexation have
been uivestigated by the metal picrate extraction procedure.
Previous studies in tliis area have focused on the mcorporation of
neutral crown ethers into polymeric materials. Therefore, the complexation
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behavior of metal cations may be significantly affected by the identity of the
accompanymg anions. This complication can be avoided, however, if ionexchange sites are incorporated into crown ether polymers. The crown etiier
units witiiui the polymers ensure ion sorption selectivity while the ionexchange sites provide accessibility for the metal cations. Earlier
investigations by Bartsch and co-workers have utilized a series of dibenzo16-crown-5 ethers with a pendent carboxylic acid group to make crosslinked
condensation resms with formaldeliyde.'^9-51 YOT these resins, the alkahmetal ion sorption efficiency and selectivity were strongly influenced by the
relative orientation of the carboxylic acid group with respect to the crown
ether cavity. Since a host molecule prefers an ionic guest which will require
the least confonnational change during the course of complexation, resins
witii a carboxylic acid group preorganized over the crown ether cavity have
been found to have the liigliest sorption selectivity. In the present study, we
have synthesized several new linear styryl-type crown ether polymers and
copolymers wliich contain carboxylic acid groups. One of these, poly[5^yw(styryl)dibeiizo-16-crowii-5-oxyacetic acid], has the ion-exchange group
oriented over the crown ether cavity. Competitive sorption of alkali-metal
cations from an aqueous solution into an organic phase containing the crown
ether polymer acids has been measured and compared with the results
obtamed for styrene-co-acrylic acid (10:1) copolymer wliich has no crown
etiier miits.
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Results and Discussion
Preparation of Stvrvl-Tvpe Monomers
To obtain a styryl-type monomer with a crown ether unit for
preparafion of crown ether pendent polymers by radical polymerization,
Manecke et al. reacted cliloromethylstyrene or bromopropylstyrene with
hydroxymethyl-18-crown-6 in the presence of potassium /err-butoxide.^l^^
In the present research, a related procedure was used to synthesize styryl-type
monomers 55 and 57 wliich contain dibenzo-16-crown-5 and dicyclohexano16-crown-5 units, respectively. Reactants, 5>'m-(liydroxy)dibenzo-16-crown-5
(33)

and

5>'m-(hydroxy)dicycloliexano-l6-crown-5

(56),

were

first

deprotonated usmg KH or NaH (Figure 3.1) instead of potassium tertbutoxide. The anionic species were then reacted with chloromethylstyrenes to
form styryl-substituted crown ether monomers 55 and 57 with crown ether
units.
Tlie cliloromethylstyrene, an Aldrich reagent contauiing 0.1% of4-tertbutylcatechol as a polymerization inhibitor, was a mixture of 3- and 4chloromethylstyrenes (70:30) and was used directly. The inhibitor in the
cliloromethylstyrene was found to be helpful in stabilizmg the styryl-type
reactants and products in the reaction process and thereby mcreased the
reaction yields.
Tlie second method for the syntiiesis of styryl-type monomers makes
use of the Grignard reagent of a ring-halogenated styrene. The Grignard
reagent of/7-clilorostyreiie was first introduced by Leebrick and Ramsdenl 14
and was used later by others to synthesize styryl-type monomers.H^^H^ In
the present work, /7-bromostyrene was transformed into its Grignard reagent
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for subsequent reacfion with 5;^/w-(keto)-dibenzo-16-crown-5 (37) to provide
the monomer 5ym-(liydroxy)(styryl)dibenzo-16-crown-5 (58) as shown in
Figure 3.2. The p-bromostyrene, a Lancaster reagent, was directly used as
received. The 0.1%o of inliibitor, 4-^err-butylcatechol, in the /7-broinostyrene
was also found to be beneficial in stabilizing the reactant and product and
mcreasing the reaction yield. Further reacfion of the deprotonated sym(hydroxy)(styryl)dibenzo-16-crown-5 (58) with ethyl bromoacetate in the
presence of small amomit of 4-^erNbutylcatechol gave another styryl-type
monomer 59 wliich contained an ester side-armed dibenzo-16-crown-5
moiety.

K

CH2O.

.OH

/H

l.KH.THF
-*•

2. ^ * ^ " j ^ _ C H 2 a

33

H.

o

o

55 (80%)

.OH

•v

1.NaH, THF
'

^

CH2CI

56

57 (61%)

Figure 3.1. Syntiiesis of styryl-substituted crown ether monomers 55 and 57.
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l.KH.THF
2. BrCHjCOiEt

OCH2C02Et

Figure 3.2. Synthesis of styryl-substituted crown ether monomers 58 and 59.
Polvmerization and Characterization
of Stvrvl-Tvpe Polymers
Monomers 55 and 57-59 were readily polymerized to fonn
homopolymers 60-63, respectively, (Figure 3.3) witii tiie radical initiator
azobis(isobutyhiitrile) (AEBN) in TEEF, benzene or DMF solufion at 70 oc in
yields of about 80%. Copolymers 64-69 (Figure 3.4) witii a defined molar
ratio of methyl methacrylate (MMA), styrene or acrylic acid (AA) were
syntiiesized mider similar conditions.
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Figure 3.3. Structures of styryl-type crown ether homopolymers 60-63.
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Figure 3.4. Structures of styryl-type crown ether copolymers 64-69.
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For comparison, a styrene-co-acryhc acid (10:1) copolymer 70, a
hydrophobic linear ion-exchange polymer without crown ether moieties, was
prepared by the same radical polymerization procedure. Styryl-type crown
etiier carboxylic acid homopolymer 71 and copolymer 72 were syntiiesized
by hydrolysis of polymers 63 and 69 with 0.5 N NaOH in water-ethanol-TEEF
(2:1:1) at 70 oC for 12 hours. Proton NMR spectra of homopolymer 71 and
copolymer 72 showed complete disappearance of tiie methyl peak at 1.09
ppm and demonstrated that complete ester hydrolysis had occuned. The
structures of these carboxylic acid containing polymers 70-73 are presented in
Figure 3.5.
•^CH-CH2-^;;—^H2-CH3hCO2H
x:y=10:l

70
fCH-CH2^

-^CH-CH2-3;;—^H2-CH^

OCH2CO2H

"^^

^OCHzCOzH

^<^
x:y=l:2
and 1:8

71
Figure 3.5.

72

Structures of the carboxylic acid contauiing polymers 70-73.
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After polymerization, the viscosities of all the polymer samples were
liigli which indicated reasonably liigh degrees of polymerization. Gel
permeation chromatography (GPC) is the most widely used metiiod for the
measurement of molecular weight and molecular weight distribution. Witii the
exception of polymers 65, 67 and 70-73, wliich contain carboxylic acid
groups, most of the crown ether polymers were characterized by GPC.
Polystyrenes were used as standards and TEEF as the eluent. Polymers
containing carboxylic acid groups have strong interaction with the stationary
phase and their molecular weights caimot be measured by the routine GPC
operational procedures. 11 ^
The GPC characterization results for styryl-type crown ether polymers
60-64, 66, 68 and 69 are presented in Table 3.1. For all of these polymers, the
GPC curves exliibited a single mode peak and showed a number-averaged
molecular weight of at least 10,000 Daltons. The molecular weiglit
distribution index (MDI) M^/Mn for the crown ether-containing polymers
ranged from 1.5 to ahnost 10. Homopolymers 60, 61 and 63 have MDI values
more than 6. Homopolymer 62 was not soluble m THF and could not be
characterized by GPC. The copolymers of the styryl-type crown ether
monomers witii MMA or styrene have somewhat narrower molecular weiglit
distributions tiian tiie conesponding crown etiier homopolymers. Presumably
the bulky crown ether pendent groups on the crown ether containing
monomers made the polymerization process more complicated and therefore
resulted in broader molecular weiglit distribution than when sunple
monomers, such as styrene and MMA, could also be incorporated. The MDI
value of homopolymer PMMA polymerized by the same procedure was 2.21.
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Table 3.1.

GPC characterization results for styryl-type crown ether
polymers wliich contain no carboxyhc acid groups.

Polymer

Mn(xl04)

Mw(xl04)

Myy/Mn

60
64(1:1)

4.04

26.0

6.44

4.87

30.6

6.29

64(1:4)

2.42

13.9

5.72

64(1:8)

2.34

9.30

3.98

61

5.83

56.2

9.64

66(1:2)

1.89

12.7

6.71

66(1:8)

2.97

12.6

4.24

62

NA*

NA*

NA*

68(1:2)

1.05

1.96

1.87

68(1:8)

1.09

1.94

1.79

63

6.36

42.2

6.63

69(1:2)

2.69

15.9

5.92

16.9
2.97
5.68
69(1:8)
* NA: not available due to the poor solubility of polymer 62 in THF.
All of the styryl-type crown ether polymers were characterized by IR
spectroscopy. In the IR spectra, the absorption peak at 1625-1630 cm-1 for
the C=C bonds in the monomers disappeared, hi tiie IR spectra of copolymers
65 and 67 wliich have ion-exchange carboxylic acid groups, tiie carbonyl
absorption split into two peaks at 1730 and 1705 cm-1 whose relative
mtensity correlated witii tiie molar ratio of tiie two monomer units. Figure 3.6
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illustrates the IR absorption peaks for the carbonyl groups of copolymers 65
with different molar ratios of crown ether monomer 55 to acrylic acid
monomer. The lower wavenmnber absorption at 1705 cm-l is attributed to a
carboxylic acid group wliich is hydrogen bonded with a neigliboring
carboxylic acid group. The liiglier wavenmnber peak at 1730 cm-1 is
attributed to a free carboxylic acid group. The copolymer with a liighest
molar ratio of acryhc acid to crown ether (Figure 3.3d) has the higliest
absorption mtensity at 1705 cm-1. with more acryhc acid monomer
mcorporated mto the copolymer chain, the potential for formation of
intramolecular hydrogen bonds between adjacent carboxylic acid groups in
the polymer chain is liiglier than when the copolymer contains a lesser amount
of acryhc acid monomer. Furthennore, tliis ER feature of copolymers 65 and
67 also indicates that the crown ether-containing acrylic acid copolymers are
truly random copolymers and not a mixture of two homopolymers. Otherwise
only one carbonyl absorption peak for poly(acrylic acid) at 1705 cm-l would
be observed m the IR spectra of the copolymers wliich coiitam different molar
ratios of acryhc acid monomer.
In tiie ER spectra of anotiier crown ether carboxylic acid-containing
copolymer 72, the carbonyl absorptions are very broad with several shoulders
from 1730 to 1775 cm'l, wliich are essentially the same for the copolymers
with 1:2 and 1:8 molar ratios between the styryl-type crown etiier monomer
and styrene (Figure 3.7). Tliis indicates that the interactions between
carboxylic acid groups m copolymer 72 are weak and further separation of
tiie carboxylic acid groups by mtroduction of additional styrene monomer into
tiie copolymers has little influence on the ER absorption pattern of the
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carboxylic acid group. Most likely, interactions between the carboxylic acid
group and the crown ether oxygens in copolymer 72 are tiie dominant
mteractions of the carboxylic acid groups wliich are oriented over the crown
ether cavity. The splitting of the C=0 absorption can be attributed to the
multiple confonnations of the carboxylic acid group relative to crown ether
oxygens ui the solid state.

V5
V5

2000

1900

1600

1700

1600

Wavenumber (cm" ^)

Figure 3.6. IR spectra of 5^ym-(styryhnethoxy)dibenzo-16-crown-5-coacrylic acid copolymer 65 (a) x:y = 3:1, (b) 3:2, (c) 1:1 and
(d) 1:4. Spectra for b-d are offset from that of a to provide easy
comparison.
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Figure 3.7. IR spectra of 5y///-(styryl)dibeiizo-16-crown-5-oxyacetic acidco-styrene copolymers 72 (a) x:y = 1:2, (b) 1:8.
Proton NMR spectroscopy was also used to characterize the structures
of the styryl-type crown ether polymers 60-72. Because of reduced mobility
of the polymers in solution caused by the bulky crown etiier pendent groups,
the peaks ui proton NMR spectra are broad. Tliis diminishes the ability to
obtain significant structural infonnation from the NMR spectra of these
polymers. All of tiie proton NMR spectra of the styryl-type crown ether
polymers, however, showed a complete disappearance of the peaks
attributable to the vinyl hydrogens in the monomers.
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Another method which was utilized to characterize the polymers was
elemental analysis. The percentages of carbon and hydrogen obtained agreed
well with the calculated values for all of the homopolymers 60-63 and 71. For
tiie copolymers, the calculated values based on the relative amounts of the
two monomers utilized in the copolymerization were also close to the
analyzed percentages of carbon and hydrogen in the copolymers. This
suggests that the copolymer composition can be controlled weU by adjustmg
the molar ratio of the two monomers for the copolymerization.
The monomer composition could be determined quantitatively by
ultraviolet-visible (UV-Vis) spectroscopy for some of the crown ether
copolymers, such as the copolymer 64 series. 5ym-(Styryhnethoxy)dibenzo16-crown-5 (60) has a strong absorption at 273.6 nm, a wavelength at which
the UV-Vis absorbance of PMMA is zero. By measuring the absorbance of
5y/w-(styrylmetlioxy)dibenzo-16-crowii-5-co-MMA copolymers 64 in THF
solution at 273.6 nm and comparison with the absorbance of homopolymer 60
at the same wavelength, the molar ratios of 5v/?;-(styryhnethoxy)dibeiizo-16crown-5 to MMA m copolymers 64 could be calculated. Tlie results
presented in Table 3.2 show good agreement with the molar ratios of the
reactant monomers.
Table 3.2.

Comparison of the monomer input molar ratio for the copolymerization and the monomer molar ratio as measured by UV
-Vis spectroscopy for 5y/w-(styryhnethoxy)dibenzo-16-crowii5-co-MMA copolymers 64 .

Monomer Input Ratio (x:y)

50:50

20:80

11:88

UV-Vis. Measured Ratio (x:y)

43:57

18:82

11:89
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Alkali-Metal Picrate Extractions
by Stvrvl-tvpe Crown Ether Polvmers
Polymers with pendent crown ether miits favor the fonnation of
sandwich-type 2:1 crown ether-cation complexes, when such complexes are
likely. Tliis is frequently encomitered when the cation diameter is larger than
that of the crown ether cavity, wliich allows tiie cation to be sandwiched
between two crown ether miits. Examples are 12-crown-4 type polymers with
Na+, 15-crowii-5 type ligands with K+, Rb"^ and Cs"^, as well as the ability of
Cs"^ to complex with polymers containing 18-crowii-6 pendent units.
Actually, for most crown ether polymers, both 1:1 and 2:1 crown ether-cation
complexes are fonned. The relative propensity for the fonnation of each type
of complex depends on the solvent, tiie nature of anion, the average distance
between tiie crown ether moieties, and most importantly the structure of the
pendent crown ether miit itself
In tliis part of the research, alkali-metal cation binding by styryl-type
crown etiier polymers and the conesponding monomers was evaluated by
extraction of alkali-metal picrates from an aqueous phase into an umniscible
organic phase (clilorofonn) containing the crown ether species. Tliis method
was first developed by Pedersen.^^ In tliis work, the aqueous metal picrate
solution was shaken with a clilorofonn solution of the crown etiier polymer or
monomer in a centrifiige tube, wliich was tiien centrifiiged to separate the two
phases. The change in UV absorbance intensity for the picrate salt in the
aqueous phase before and after extraction was determuied and gave the
percentage of the picrate salt that had been extracted from the aqueous phase
into the organic phase. For each cation-crown ether system, the measurement
was carried out usmg a picrate:crowii molar concentration ratio of 1:5. The
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observation by Pedersen that no picrate salt is transfened to the organic phase
in tiie absence of crown ether was confinned by a control experiment. The
reproducibility of the picrate extraction experiment m tliis procedure is
consistent with an experimental enor of less than 0.5%.
Smce the picrate extraction properties of crown ethers generally
depend not only on the complexation equilibrimn but also on the solubility
and distribution equilibrimn of various complexed and micomplexed
species,"3 all of the picrate extraction experiments in tliis study were
carefiilly conducted mider the same conditions. Table 3.3 gives the
percentages of alkali-metal picrates extracted into the organic phase by the
monomers 55, 56, 58 and 59, homopolymers 60-63 and copolymers 64, 66,
68 and 69. By comparison of the picrate extraction results contained in Table
3.3 for the monomers and polymers with differing structural features,
qualitative conclusions can be reached regarding the effect of structural
variation witiiin tiie crown etiier polymers upon the metal cation complexation
behavior.
Monomers 55, 58 and 59 have low extraction abilities for all of the five
alkali-metal picrates, even with sodimn picrate for wliich Na+ should match
the cavity size of crown ether miits. Presmnably, tliis low extractmg ability is
caused by the tliree-carbon propylene bridges of the dibenzo-16-crown-5
units. Changuig the dibenzo groups to dicyclohexano groups m monomer 56
increases the basicity of fom of the ether oxygen atoms in the crown ether
ring and remarkably enliances the metal cation complexation ability.
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Table 3.3.

Extraction of alkali-metal picrates by monomers 55, 56, 58
and 59, homopolymers 60-63 and copolymers 64, 66, 68 and
69 from an aqueous phase into a chloroform phase.

Crown ether
monomer
or polymer

Metal picrate extracted (%)
Li+

Na+

K+

Rb+

Cs+

55

<1.0

1.8

1.8

<1.0

<1.0

56

<1.0

64.5

17.8

7.2

4.3

58

<1.0

2.1

1.0

<1.0

<1.0

59

<1.0

3.1

1.5

<l.O

<1.0

60

<1.0

6.2

10.8

7.2

4.2

61

<1.0

59.7

18.8

24.9

26.0

62

1.0

32.8

26.3

16.1

9.9

63

3.0

46.5

21.5

13.2

7.0

64(1:1)

<1.0

3.6

5.3

2.0

<1.0

64(1:4)

<1.0

3.0

4.4

2.1

<1.0

64(1:8)

<1.0

3.0

3.8

2.0

<1.0

66(1:2)

<1.0

65.9

18.5

10.3

9.2

66(1:8)

<1.0

65.2

18.1

8.5

7.6

68(1:2)

<1.0

8.3

6.8

3.3

1.0

68(1:8)

<1.0

3.3

2.6

1.5

<1.0

69(1:2)

<1.0

10.9

2.8

1.4

<1.0

69(1:8)

<1.0

7.1

2.7

<1.0

<1.0

Homopolymers 60, 62 and 63 generally exliibit liiglier extraction
abilities for the alkali-metal picrates than do the conespondmg monomers 55,
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58 and 59, respectively. These results are consistent with the results reported
m the literature for other crown ether-pendent polymers.8" 1^ The metal
complexation enliancement of crown ethers in polymers as compared to their
monomeric analogues is attributed to a cooperative effect of two adjacent
crown ether units to form sandwich-type complexes with the metal cations.
However, for homopolymer 61 wliich contains dicyclohexano-16-crowii-5
units, the extraction ability mcreases only for the larger sized cations, such as
Rb"^ and Cs"^. The difference between the extraction behavior for the smaller
cations, Li"^, Na"*" and K"^, by the monomer 57 and its homopolymer 61 is
insignificant. Tliis probably arises from the presence of two bulky
cyclohexano groups on the crown ether miits instead of the two less bulky
benzo groups m polymer 60. The presence of the two cyclohexano substituent
groups makes it diflScult for two adjacent crown ether miits in 61 to become
close enough to fonn sandwich-type complexes with the smaller size metal
cations. Thus the steric nature of the substituent groups in the crown ether
units is shown to significantly influence the metal cation binding behavior of
crown ether polymers.
Polymers 60 and 62 have similar structures with a difference being the
spacer group between crown ether miit and polymer chain. Polymer 60 has a
spacer group of -C6EE4CH2O-, wliich is longer than the -C6EE4- spacer group
of 62. Additionally, 62 has an alcohol group adjacent to the crown ether ring
and 60 does not. Althougli the conesponding monomers 55 and 58 exliibit
sunilar extraction behavior for alkah-metal picrates, polymer 62 is a
significantly stronger extractaiit than polymer 60. For sodium picrate, 33%
was extracted from the aqueous phase into the organic phase by 62, while
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only 6% was extracted by 60. This result contradicts the conclusion reached
by Nishide and co-workers for p\ridine/bip>ridine-grafted polyst>Tene
systems witii different polyglycol spacer groups.H^ In Nishide's polymer
systems, the metal cation is coordinated by multiple pyridine hgands in a t\pe
of intrapolymer complex. The longer the spacer group, the more flexible are
tiie pyridine ligands, and the easier it is to form such intrapol\Tner metal ion
complexes. For the crown ether-pendent polymers in this in\estigation, the
metal cation is mainly complexed by the adjacent two crown ether units.
Therefore, the longer the spacer group, the more difficult it is to form
sandwich-type complexes.
Replacement of the hydroxyl group in polymer 62 with an ethyl
oxyacetate function gi\es poKmer 63. This structural alteration produces little
difference in the alkali-metal picrate extraction behavior for the conesponding
monomers 58 and 59. For the smaUer metal cations, Li"*" and Na"*", polymer 63
shows somewhat higlier extraction abihty than does polymer 62. Howe\er,
for the larger metal cafions, K"^, Rb"^ and Cs^, poKmer 62 has a higlier
extraction percentages than does 63. This indicates that the ester side arm
enhances 1:1 inclusion complexation by the crown ether units w ith the smaller
sized metal cations and shghtly impedes 2:1 sandwich-type complexation of
the crown ether miits with the larger sized metal cations. It seems reasonable
that the ester side arm would occupy some space between the adjacent crown
ether units and liinder the formation of sandwich-type complexes. This
hinderance by the side arm is not as important for the smaUer alkah-metal
cations. Also, the carbonyl oxygen atom in the ester side arm may provide an
additional binding site with the smaller sized metal cations which would be
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nested within the crown ether cavity. Tliis explains why polymer 63 has a
significantly higher extraction ability for lithium and sodium picrates than
does polymer 62.
To provide additional insight into the effect of polymer structme on the
alkali-metal picrate extraction behavior of the crown etiier polymers,
copolymers of the four crown ether styryl-type monomers 55, 56, 58 and 59
with MMA or styrene were prepared. Compared to the homopolymers, the
results presented m Table 3.3 show a marked decrease in the metal cation
binding abihty for tiie tiiree series of tiie crown ether copolymers 64, 68 and
69. In the copolymers, tiie crown ether units are fiirther separated by units of
the second monomer. This makes it more difficult for the crown ether units to
form sandwich-type metal ion complexes and enliance the relative propensity
for formation of 1:1 complexes. Finally the extraction behavior of the
copolymers with the higliest molar ratio of the second monomer to the crown
ether-containing monomer (1:8) begins to approach tiiat of the conesponding
crown ether-contauiing monomers. These results reveal tiie presence of a
cooperative effect of two crown ether units in the formation of complexes
with alkali-metal cations and also illustrate the importance of the proximity of
the adjacent crown etiier units in tiieir complexation behavior witii metal
cations. However, the situation is different for copolymer 66 wliich contains
more

bulky

dicyclohexano-16-crown-5

units.

Compared

with

the

conespondmg homopolymer 61, the picrate extraction percentages of
copolymer 66 are observed to decrease only slightly for the larger sized
alkali-metal cations. This fiirther proves that tiie pendent dicyclohexano-16crowii-5 miits in polymers fonn mainly 1:1 complexes witii tiie smaller sized
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alkali-metal cations and 2:1 sandwich-type complexes with large sized metal
cations.

Alkali-Metal Cation Extractions
bv Ion-Exchange Stvrvl-Tvpe
Crown Ether Polvmers
Tlie combination of an ion-exchange carboxylic acid group and a
crown ether unit m the linear styryl-type polymers 65, 67, 71 and 72 make the
metal cation complexation a dual mechanism process. The ion-exchange
reaction is the access mechanism for the metal cations complexation of
polymers and selective metal cation complexation by the crown ether unit is
the recognition mechanism for the metal cation extractions by these ionexchange polymers. To probe thefimctionof the crown ether units in the ionexchange process, a hydrophobic ion-exchange polymer 70, styrene-coacryhc acid copolymer (10:1), was synthesized and its metal cation extraction
behavior was measured and compared with the ion-exchange polymers which
contain crown ether miits.
Solutions of ion-exchange polymers 65, 67, and 70-72 in chloroform or
dichloromethane were shaken with basic aqueous solutions containing all five
of the alkali-metal cafions. These polymers showed different solubility
behaviors when they complexed the alkali-metal cations. Polymers 65 and 70
were soluble m clilorofonn after complexation with alkali-metal cations. For
65 and 70, a portion of the separated chloroform phase was shaken with a
0.10 M HCl solution to strip tiie alkah-metal cations from the crown etiier
ion-exchange polymer into an aqueous phase for analysis by ion
cliromatography. Table 3.4 presents the alkah-metal extraction results for
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polymers 65 and 70. Copolymer 65 (1:4), which contams a high fraction of
acryhc acid, was too hydrophilic and always produced precipitates in both the
aqueous and organic phases during tiie extraction experiment. This made it
impossible to measme its metal cation extraction ability by this method.
Metal ion extraction by homopolymer 60 was also measmed by the same
procedme. Low metal extraction (<0.03 mmol/g) for all of the alkali-metal
cations was observed for homopolymer 60. This is attributed to the absence
of an ion-exchange group in its chemical structure.
Table 3.4.

Competitive extraction of tiie alkali-metal cations from an
aqueous phase into a clilorofonn phase by polymers 70 and 75.
Cation extracted {;^mmol/g)
Li+

Na+

K+

Rb+

Cs+

70

0.30

0.14

0.15

0.15

0.15

65(1:1)

0.34

0.28

0.27

0.17

0.15

65(3:2)

0.25

0.23

0.19

0.11

O.IO

65(4:1)

0.14

0.16

0.13

0.07

0.06

Polymer

Styrene-co-acryhc acid copolymer 70 exhibits an extraction selecti\ity
for Li+ as would be expected for the carboxyhc acid groups. For copolymers
65, tiie extraction selectivity for Li"*" decreases with the introduction of the
crown ether moieties. When tiie molar ratio of the crown ether to the acrylic
acid in copolymer reaches 4:1, the extraction selecti\it>^ changes from Li"^to
Na"^, wliich should best fit witliin the cavity of the dibenzo-16-crown-5 units.
This demonstrates tiiat alkali-metal extraction by polymer 65 invokes both
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tiie crown ether unit and the ion-exchange carboxylic acid group in the acr> lie
acid unit.
Some precipitate was always observed in the organic phase when the
organic solutions of polymers 67, 71 and 72 were shaken with basic aqueous
solutions of the five alkali-metal cations. Therefore, the extraction analysis
procedme wliich was utilized for polymers 65 and 70 was not applicable for
polymers 67, 71 and 72. However, the upper aqueous phase was clear and the
alkah-metal

cation

concentrations

could

be

detemiined

by

ion

chromatography. Compared with the metal cation concentrations in the
aqueous phase from a parallel extraction experiment in wliich the organic
phase did not contain any crown ether polymer, the metal ion extraction by
the crown ether ion-exchange polymer into the organic phase could be
calculated. Table 3.5 displays tiie results for alkali-metal extractions from
aqueous mto organic phases by polymers 67, 71 and 72. Copolymer 67 (1:1)
produced precipitates in both the organic and aqueous phases during the
extraction experiment. Therefore its metal cation extraction values could not
be measmed. Homopolymer 71 had poor solubility in chloroform, so its metal
extraction ability was assessed in dichloromethane. Extractions with polymer
72 were also conducted in dichlorometiiane for comparison with tiie
extraction results obtained in clilorofonn. As shown in Table 3.5, no
significant difference is observed for the alkali-metal extractions carried out
in tiiese two organic solvent systems for polymer 72.
Based on tiie picrate results obtained for monomers 55 and 57, the
dicyclohexano-16-crown-5

analog has a much higlier metal cation

complexation ability than does tiie dibenzo-16-crowii-5 compomids (Table
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3.3). Therefore copolymers 67 which contain dicyclohexano-16-crown-5
units would be expected to provide much stronger metal cation recognition
than copolymers 65 wliich have dibenzo-16-crown-5 units. However, the
experimental results shown in Table 3.5 do not show a significantiy higher
Na+ selectivity for copolymers 67 than those for copolymers 65 (Table 3.4).
This indicates that tiie complexation ability of tiie individual crown ether miits
is not crucial for cation complexation by these crown ether ion-exchange
polymers.
Table 3.5.

Competitive extractions of alkah-metal cations from an aqueous
phase mto an organic phase by ion-exchange polymers 67, 71
and 72.
Cation extracted (mmol/g)

Polymer

Solvent

Li+

Na+

K+

Rb+

Cs+

67(3:2)

CHCI3

0.09

0.10

0.06

0.06

0.05

67(3:1)

CHCI3

0.06

0.07

0.04

0.04

0.04

72(1:2)

CHCI3

0.05

0.32

0.04

0.02

0.01

72(1:8)

CHCI3

0.01

0.21

0.02

<0.01

<0.01

71

CH2CI2

0.07

0.40

0.07

0.04

0.04

72(1:2)

CH2CI2

0.05

0.27

0.05

0.04

0.03

72(1:8)

CH2CI2

0.01

0.18

0.02

<0.01

<0.01

Both polymers 71 and 72 contain only the relatively weak cation
bindmg dibenzo-16-crowii-5 unit, but their extraction selectivity for the Na+
is remarkably liiglier than those of the other crown ether ion-exchange
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polymers. For polymers 71 and 72, the ion-exchange carboxylic acid groups
are oriented over the cavities of the dibenzo-16-crowii-5 miits. Tliis has been
demonstrated by the crystal structme of tiie model compomid sym(decyl)dibenzo-16-crowii-5-oxyacetic acid.92 Such preorganization of the
ion-exchange site relative to the crown ether cavity is known to enliance
selectivity. 119,120
Homopolymer 71 and copolymer 72 display similar metal cation
extraction behavior (Table 3.5). Tliis provides fiirther evidence that tiie metal
cations extracted by 71 and 72 interact witii only one crown ether miit.
Otherwise, the separation of crown etiier miits would alter the metal cation
complexation behavior and the extraction selectivity, hi addition, the Na"^
selectivities of 71 and 72 are much liiglier than the selectivities of crosslinked
fonnaldehyde-type 5ym-(propyl)dibenzo-16-crowii-5-oxyacetic acid resms
which were discussed m Chapter II, even with the lowest crosslinking degree.
Tlie polymers m tliis portion of the investigation are linear witii no
crosslinking.
Figme 3.8 shows the alkali-metal cation extraction results for the noncrown ether ion-exchange polymer 70, the 1:1 molar ratio copolymer 65 from
tiie styryl-type crown ether monomer 55 and acrylic acid and the
homopolymer 71 wliich has preorganized carboxylic acid groups. Tliis figme
clearly demonstrates the influence of the presence of crown ether miits as
well as the relative position of tiie ion-exchange site with regard to the crown
ether cavity upon the metal cation binding behavior of the ion-exchange
polymers. Tliis provides insiglit for the design of new, liiglily selective ionexchange polymers witliin the context of host-guest chemistry. Not only the
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nature of the incorporated crown ether moiety, but also the relative
positioning of the crown ether unit and the ion-exchange site play a crucial
role m the metal ion extraction selectivity.

70

65(1:1)
Polymer

Figme 3.8. Profiles for competitive alkali-metal extractions by ionexchange polymers 70, 65 (1:1) and 71.
Experimental
General Instrumentation
Melting points were determined on a Fisher-Jolms mehing point
apparatus. 1 H and l^C NMR spectra were recorded witii a Brucker-EBM AF200 spectrometer. Chemical sliifts are m parts per million (ppm) downfield
from the mtenial standard tetramethylsilane (TMS). Splitting pattern are
mdicated as: s, smglet; d, doublet; t, triplet; m, multiplet; and br, broad peak,
hifrared spectra were recorded on a Perkin-Ehner Model 1600 Series FT-ER
spectrophotometer and are given m wavenmnbers (cm'l). uV spectra were
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recorded on a Shimadzu UV-260 UV-Vis spectrophotometer. Concentrations
of alkah metal cations in the aqueous phases were detemiined with a Dionex
Model 2000i ion cliromatograph. Elemental analyses were measmed by
Desert Analytics at Tuson, Arizona. Gel permeation chromatography (GPC)
measurements for the molecular weiglit and molecular weiglit distribution of
styryl-type crown ether polymers with THF as eluent and polystyrenes as
standards were kindly performed by Dr. David A. Babb at Dow Chemical
Company m Freeport, Texas.
Svnthesis of Stvrvl-Tvpe Monomers
Preparation of 5>'m-(styryhnetlloxy)dibellzo-16-crowll-5 (55)
To 10.00 g (85.3 imnol) of a 35% ECH dispersion in mineral oil wliich
had been washed with dry hexane mider nitrogen, 50 ml of dry TEEF was
added. A TEEF solution of 6.00 g of 5ym-(liydroxy)dibeiizo-16-crown-5 (33)
(17.3 mmol) was added dropwise and the mixtme was stirred for 1 horn at
room temperatme. The mixtme was cooled in ice-water and a solution of
cliloromethylstyrenes (3.17 g, 20.8 mmol) in 20 ml of dry THF was added by
syringe pmnp during a 1-liom period. The reaction mixtme was stured for I
day at room temperatme. The chloromethylstyrene was obtamed from Aldrich
as mixtme of 3- and 4-cliloroinethylstyrenes (70:30) inhibited with 0.1% of 4/er/-butylcatechol and was used directly. After the reaction mixtme was
cooled m an ice-water bath, ice-water was carefiilly added to destroy tiie
excess KH. The TEEF was evaporated in vacuo and the aqueous residue was
extracted with dicliloromethane (2x100 ml). The diclilorometiiane extracts
were dried over MgS04 and evaporated in vacuo to give the crude product as
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an brown oil, wliich was purified with coluimi cliromatography on alumina
with dichloromethane-hexane (40:60) as eluent. A light, yellow viscous oil
was obtamed (6.40 g, 80%). IR (fihn): 1626 (C=C) cm-l. 1H NMR (CDCI3):
5 3.80-4.15 (m, 4EE), 4.15-4.40 (m, 9H), 4.80 & 4.90 (2 s, 2EE), 5.22-5.88 (m,
lEI), 5.72-5.82 (m, IH), 6.66-7.00 (m, 9H), 7.33-7.51 (m, 4H). Elemental
analysis. Calculated for C28H30O6: C, 72.71; H, 6.54. Found: C, 72.49; H,
6.62.
Preparation of (styryhnethoxy)dicyclohexano-16-crown-5 (57)
To 1.40 g (35.0 mmol) of a 60% NaH dispersion in mineral oil which
had been washed with dry hexane under nitrogen, 50 ml of dry THF was
added. A solufion of 5ym-(liydroxy)dicycloliexano-l6-crown-5 (56) (4.16 g,
11.6 mmol) in 150 ml of dry TEEF was added dropwise and the mixtme was
stirred for 1 horn at room temperatme. The mixtme was cooled in ice-water
and a solution of clilorometiiylstyrene (2.12 g, 13.9 mmol) in 20 ml of dry
THF

was

added

by

syringe

pump

during

1-hom

period.

The

chloromethylstyrene was obtained from Aldrich as a mixtme of 3- and 4chlorometiiylstyrenes (70:30) inliibited with 0.1% of 4-tert-butylcatachol and
was used dfrectly. The reaction mixtme was refluxed for 5 horns. After the
reaction mixtme was cooled in an ice-water bath, ice-water was carefiilly
added to destroy tiie excess NaH. The TEIF was evaporated in vacuo and the
aqueous residue was extracted with diclilorometiiane (2x100 ml). The
dichloromethane extracts were dried over MgS04 and evaporated m vacuo to
give the crude product as an oil. Tliis oil was purified by column
chromatography on alumuia witii dichloromethane-hexane (7:3) and then
dichlorometiiane-ethyl acetate (9:1) as eluents to produce 3.36 g (61%) of
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liglit yellow viscous oil. IR (fihn): 1629 (C=C) cm'l. 1H NMR (CDCI3): 6
1.10-2.00 (m, 16EE), 3.35-4.00 (m, 17EE), 4.72-4.76 (m, 2EE), 5.17-5.26 (m,
lEE), 5.69-5.79 (m, lEE), 6.64-6.78 (m, IH), 7.29-7.41 (m, 4EI). Elemental
analysis. Calculated for C28H42O6: C, 70.86; H, 8.92. Found: C, 70.63; H,
8.69.
Preparation of 5y/w-(llydroxy)(sty^yl)dibenzo-16-crown-5 (58)
Under nitrogen, 0.42 g (17.4 mmol) of magnesium turnings and 2.16 g
(11.7 mmol) of/7-broinostyreiie were added to 150 ml of dry TEEF. The pbromostyrene obtamed from Lancaster contained 0.1% of 4-/er^butylcatechol
as inliibitor was used directly. Tlie mixtme was mildly refluxed for about 3
horns and became cloudy witii a yellowish color. The mixtme was cooled to
room temperatme and a solution of 5yw-(keto)dibenzo-16-crown-5 (3.00 g,
8.70 mmol) in 100 ml of dry TEEF was added dropwise during a period of 0.5
horn with an addition fiiimel. The reaction mixtme was refluxed for 5 horns
and cooled ui ice-water. A solution of 30 ml of 2.0 N HCl solution was
carefiilly added witii an addition fijnnel and the mixtme was stirred at room
temperatme for an additional 30 minutes. The TEEF solvent was removed in
vacuo and the aqueous residue was extracted witii diclilorometiiane (2x100
ml). The dichlorometiiane extracts were dried over MgS04 and evaporated m
vacuo to give a yeUow solid. The yellow solid was cliromatographed on silica
gel with dicliloromethane-hexane (4:1) and then ethyl acetate-hexane (2:3) as
eluents to give 3.10 g (90%) of white sohd with a mp of 134-135 oC. IR
(deposit from CDCI3 solution onto a NaCl plate): 3546 (OEE), 1629 (C=C)
cm -1. iH NMR (CDCI3): 5 3.74 (s, lEI), 3.96-4.03 (m, 4H), 4.16-4.23 (m,
4H), 4.43 (s, 4EE), 5.22 -5.28 (d, lEE), 5.73-5.81 (d, lEE), 6.65-6.98 (m, 9H),
113

7.44-7.48 (d, 2H), 7.71-7.75 (d, 2H). Elemental analysis. Calculated for
C27H28O6: C, 72.31; H, 6.29. Found: C, 72.28; H, 6.18.
Preparafion of ethyl 5j^/w-(styryl)dibenzo-16-crown-5-oxyacetate (59)
Under nitrogen, 1.78 g (44.6 imnol) of 60% NaH dispersion m mmeral
oil was washed by dry hexane and 100 ml of dry THF was added. A solution
of 5ym-(hydroxy)(styryl)dibenzo-16-crown-5 (58) (4.00 g, 8.90 mmol) and
about 10 mg of 4-/erNbutylcatechol in 100 ml of dry TEEF was added
dropwise. Tlie mixtme was stirred for 1 horn at room temperatme and then
cooled in ice-water. A solution of ethyl bromoacetate (1.79 g, 10.7 mmol) m
10 ml of dry TEEF was added with a syringe pmnp during a 1-liom period. Tlie
reaction mixtme was stirred ovemiglit at room temperatme. Tlie reaction
mixtme was cooled in an ice-water batii and ice-water was carefiilly added to
destroy the excess NaH. The TEEF was removed in vacuo and the aqueous
residue was extracted with dicliloromethane. Tlie dichloromethane solution
was dried over MgS04 and evaporated in vacuo to give a yellow viscous oil.
The oil was cliromatographed on sihca gel with dicliloromethane-hexane (4:1)
and then ethyl acetate-hexane (2:3) as eluents to give 3.43 g (72%) of a wliite
sohd with a mp of 115-116 ^C. IR (deposit from CDCI3 solution onto a NaCl
plate): 1760 (C=0), 1629 (C=C) cm-l. 1H NMR (CDCI3): 5 1.22-1.29 (t,
3EE), 3.97-4.23 (m, lOH), 4.47-4.63 (m, 4H), 4.70 (s, 2H), 5.22-5.29 (d, IH),
5.73-5.81 (d, IH), 6.65-6.95 (m, 9H), 7.44-7.49 (d, 2H), 7.80-7.84 (d, 2H).
Elemental analysis. Calculated for C31H34O8: C, 69.65; H, 6.41. Found: C,
69.68; H, 6.42.
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Svnthesis of Stvrvl-Tvpe Crown
Ether Polvmers
General procedme for the radical
polymerization of styryl-type monomers
wliich contam crown ether miits
A TEEF [for 5'>'/w-(styryl-inetlioxy)dibeiizo-16-crowii-5 (55) and ethyl
5y/w-(styryl)dibenzo-16-crowii-5

oxyacetate

(styryhnethoxy)dicycloliexano-16-crowii-5

(57)]

(59)],
or

benzene
DMF

[for

[for
sym-

(hydroxy)(styryl)dibeiizo-16-crowii-5 (58)] solution contauiing the desued
amomits of monomer and azobis(isobutyhiitrile) (AEBN) initiator m an
ampoule was flushed with nitrogen. The molar ratio of AEBN to monomer
was 1 to 100. The ampoule was sealed with a torch and heated in a 70 ^C oil
bath for 24 horns. Tlie resultant viscous solution was slowly added to a large
amount of stirred hexane or methanol and the wliite precipitate was filtered.
Tlie polymer was fiirther purified by precipitafion by addition of a clilorofonn
solution to hexane or metiianol. The precipitate was dried in a vacuum oven
at 80 oc for 2 days. Copolymers with different molar ratios of methyl
methacrylate, styrene and acrylic acid to the styryl-type crown ether monomer
were also prepared by tliis procedme. Tlie conversions for all of these
polymerizations were about 80%.
Poly[57/w-(styryhnethoxy)dibeiizo16-crown-5] (60)
ER (deposit from CDCI3 solution onto a NaCl plate): no peak at 1626
cm-l for C=C. Elemental analysis. Calculated for C28H30O6: C, 72.71; H,
6.54. Found: C, 72.90; H, 6.55. GPC: Mn = 4.04x10^, Mw = 2.60x10^,
Mw/Mn = 6.43.
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Poly [(styry hnethoxy)dicy clohexano-16-crown-5] (61)
ER (deposit from CDCI3 solution onto a NaCl plate): no peak at 1629
cm-l for C=C. Elemental analysis. Calculated for C28H42O6: C, 70.86; H,
8.92. Fomid: C, 70.70; H, 8.76. GPC: Mn = 5.83x10^, Mw = 5.61x10^,
Mw/Mn = 9.64.
Poly [5>^m-(hydroxy )(styry 1)dibeiizo-16-crown-5] (62)
IR (deposit from CDCI3 solution onto a NaCl plate): 3566 (OEE), no
peak at 1626 cm-l for C=C. Elemental analysis. Calculated for C27H28O6:
C, 72.31; H, 6.29. Found: C, 72.55; H, 6.23. GPC analysis could not be
perfonned due to the poor solubihty m TEEF.
Poly [ethyl 5ym-(styryl)dibeiizo16-crowii-5-oxyacetate] (63)
IR (deposit from CDCI3 solution onto a NaCl plate): 1756 (C=0) cm1, no peak at 1629 cm-l for C=C. Elemental analysis. Calculated for
C31H34O8: C, 69.65; H, 6.41. Fomid: C, 69.77; H, 6.42. GPC: Mn =
6.36xl04, Mw = 4.22xl05, Mw/Mn = 6.44.
5'j^w-(Styryhnethoxy)dibeiizo-16-crown5-co-methyl methacrylate copolymers
(1:1, 1:4 and 1:8) (64)
IR (deposit from CDCI3 solution onto a NaCl plate): 1727 (C=0) cm"
1.

Elemental

analysis.

Calculated

for

tiie

1:1

copolymer

(C28H30O6)l(C5H8O2)i: C, 70.44; H, 6.81. Found: 70.18; H, 6.69.
Calculated for the 1:4 copolymer (C28H3o06)i(C5H802)4: C, 66.80; H,
7.24. Fomid: C, 66.95; H, 7.21. Calculated for the 1:8 copolymer
(C28H30O6)l(C5H8O2)8: C, 64.64; H, 7.34. Fomid: C, 64.20; H, 7.34.
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GPC: 1:1 copolymer: Mn = 2.42x10^, Mw = 1.39x10^, Mw/Mn = 6.29; 1:4
copolymer: Mn = 2.34x10^, Mw = 9.30x10^, Mw/Mn = 5.72; 1:8
copolymer: Mn = 1.56xl04, Mw = 3.45x10^, Mw/Mn = 3.98.
5j;w-(Styrylmethoxy)dibenzo-16-crowii5-co-acrylic acid copolymers (3:1, 3:2,
1:1 and 1:4) (65)
ER (deposit from CDCI3 solution onto a NaCl plate): 1730 and 1705
(C=0) cm-l. Elemental analysis. Calculated for the 3:1 copolymer
(C28H30O6)3(C3H4O2)i: C, 71.59; H, 6.49. Found: C, 72.29; H, 6.17.
Calculated for the 3:2 copolymer (C28H3o06)3(C3H402)2: C, 70.57; H,
6.45. Found: C, 71.82; H, 6.42. Calculated for the 1:1 copolymer
(C28H30O6)l(C3EE4O2)i: C, 69.65; H, 6.41. Found: C, 69.95; H, 6.32.
Calculated for the 1:4 copolymer (C28H30O6) 1(031^402)4: C, 63.39; H,
6.18. Found: C, 65.97; H, 6.42.
(Styryhnethoxy)dicyclohexano-16crown-5-co-methyl methacrylate
copolymers (1:2 and 1:8) (66)
ER (deposit from CDCI3 solution onto a NaCl plate): 1730 (C=0) cm1. GPC: 1:2 copolymer: Mn = 1.89x10^, Mw = 1.27x10^, Mw/Mn = 6.71;
1:8 copolymer: Mn = 2.97x10^, Mw = 1.26x10^, Mw/Mn = 424.
5y/w-(Styryhnethoxy)dicyclohexaiio-16crowii-5-co-acryhc acid copolymers
(3:1, 3:2 and 1:1) (67).
IR (deposit from CDCI3 solution onto a NaCl plate): 1730 and 1705
(C=0) cm-l. Elemental analysis. Calculated for the 3:1 copolymer
(C28H4206)3(C3H402)i: C, 69.85; H, 8.76. Found: C, 70.18, H, 8.54.
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5>^/?7-(Hydroxy)(styryl)dibenzo-16crown-5-co-styrene copolymers (1:2
and 1:8) (68)
IR (deposit from CDCI3 solution onto a NaCl plate): 3566 (OEE) cm-l.
GPC: 1:2 copolymer: Mn = 1.05xl04, Mw = 1.96xl04, Mw/Mn = 1.87; 1:8
copolymer: Mn = 1.09xl04, Mw = 1.94xl04, Mw/Mn = 1.79.
Ethyl ^;^w-(styryl)dibeiizo-16-crowii5-oxyacetate-co-styrenecopoly-mers
(1:2 and 1:8) (69)
IR (deposit from CDCI3 solution onto a NaCl plate): 1750 (C=0)
cm-l.

Elemental

analysis.

Calculated

for

tiie

1:2

copolymer

(C3iH3408)i(C8H8)2: C, 75.99; H, 6.78. Found: C, 76.23; H, 6.66.
Calculated for the 1:8 copolymer (C3iH3408)i(C8H8)8: C, 83.42; H, 7.22;
Found: C, 83.19; H, 7.05. GPC: 1:2 copolymer: Mn = 2.69xl04, Mw =
1.59xl05, Mw/Mn = 5.92; 1:8 copolymer: Mn = 2.97x10^, Mw = 1.69x10^,
Mw/Mn = 5.68.
Styrene-co-acrylic acid copolymer (10:1) (70)
IR (deposit from CDCI3 solution onto a NaCl plate): 1745 and 1704
(C=0)cm-1.
Hvdrolvsis of Stvrvl-Tvpe Crown Ether
Polvmers Wliich Contain Ester Side Anns
General procedme for the hydrolysis of poly[etliyl 57/?7-(styryl)dibenzo-16-crowii-5-oxyacetate] (63) and its styrene copolymers (69)
The polymer or copolymer (1.00 g) was added to 25 ml of 0.5 N
NaOH m water-TEEF-ethanol (2:1:1) and the solution was stirred at 70 oC for
12 horns in an oil bath. The solution was pomed into 2 N HCl solution. Tlie
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wliite sohd precipitate was collected and dissolved in dicliloromethane or
clilorofonn and reprecipitated m hexane to afford the hydrolyzed polymer
product wliich was dried in a vacumn oven at 80 ^C for 2 days.
Poly [5'>^m-(styryl)dibeiizo-16-crown5-oxyacetic acid] (71)
IR (deposit from CH2CI2 solution onto a NaCl plate): 3386 (OEE),
1770-1740 (C=0) cm-l. Elemental analysis. Calculated for C29H30O8: C,
68.76; H, 5.97. Found: C, 68.68; H, 6.00.
^ym-(Styryl)dibeiizo-16-crowii-5 oxyacetic
acid-co-styrene copolymers (1:2 and 1:8) (72)
IR (deposit from CDCI3 solution onto a NaCl plate): 3367 (OH),
1775-1730 (C=0) cm-l. Elemental analysis. Calculated for the 1:2 copolymer
(C29H30O8)l(C8H8)2: C, 75.61; H, 6.49. Found: C, 75.59; H, 6.66.
Calculated for the 1:8 copolymer (C29H30O8)l(C8H8)8: C, 83.38; H, 7.07.
Fomid:C, 83.43; H, 7.00.
Alkali-Metal Picrate Extraction
bv Stvrvl-tvpe Crown Ether Monomers,
Homopolvmers and Copolvmers
In a glass centrifiige tube were placed 1.00 ml of an aqueous solution
wliich was 1.00 mM in the alkah metal picrate and 50 mM in the
correspondmg metal cliloride witii tiie pH adjusted to about 10 witii tiie
corresponding metal hydroxide solution and 1.00 ml of a 5.00 mM solution of
the crown etiier monomer or polymer (the concentration of tiie polymer was
calculated based on tiie crown etiier units) in clilorofonn. The chloroform was
washed witii deionized water before use. The mixtme was vigorously shaken
with a Fisher vortex mixer for 4 minutes and the phases were separated by
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centrifiigation. After a 0.50 ml portion of the upper aqueous phase was
removed with a syringe and diluted by 20-fold with deionized water, the UV
absorbance at 357 nm was measmed with a Sliunadzu UV-260 UV-Vis
spectrophotometer and compared to the absorbance of original picrate
solution after a sunilar dilution to give the percent extraction of alkali-metal
picrate from the aqueous phase mto the organic phase. The transfer of alkalimetal picrate salts from the aqueous phase into the organic phase in the
absence of a crown ether-containing compomid was found to be less tiian
0.5%.

Alkali-Metal Cation Extraction bv
5vm-(Stvrvhnetlioxv)dibenzo-16-crowii
-5-C6)-acrvlic Acid Copolvmers (65) and
Stvrene-co-acrvhc Acid Copolvmer (70)
To 1.00 ml of an aqueous solution of alkali-metal clilorides (NaCl,
KCl, RbCl and CsCl) and hydroxide (LiOH) [0.10 M m each for the sym(styryhnetiioxy)dibeiizo-16-crowii-5-co-acryhc acid copolymers (65) and
0.25 M m each for the styrene-co-acryhc acid copolymer (70)] in a glass
centrifiige tube was added 1.00 ml of a clilorofonn solution of the polymer
(5.0 mM based on tiie carboxyhc acid groups). The mixtme was shaken with
a Fisher vortex mixer for 4 minutes and the layers were separated by
centrifiigation. If some precipitation was observed, the shaking and
centrifiigation were repeated mitil no more precipitation was evident. Of the
organic phase, 0.50 ml was removed with a syringe and shaken with 1.00 ml
of 0.1 N HCl m a centrifiige tube for 4 minutes to strip the alkali-metal
cations from the organic phase into the aqueous phase. The concentration of
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each alkali-metal cation in the aqueous stripping solution was measured by
ion cliromatography and the metal cation extraction from the aqueous phase
into the organic phase by the ion-exchange polymer was calculated.
Alkali-Metal Cation Extraction bv sym(Stvrvlmethoxv)dicvclohexano-16-crowii5-cQ-acrvhc Acid Copolvmer (67), Polvl^vm(stvrvl)dibeiizo-16-crowii-5-oxvacetic Acid]
(71) and Its Stvrene Copolvmer (72)
In a glass centrifiige tube were placed 2.50 ml of an aqueous solution
of alkali-metal clilorides (NaCl, KCl, RbCl and CsCl) and hydroxide (LiOH)
(3.00 mM m each) and 2.50 ml of a clilorofonn or dichloromethane solution
of the polymer (3.00 mM based on the carboxylic acid groups). The mixtme
was shaken with a Fisher vortex mixer for 4 minutes and the layers were
separated by centrifiigation. The upper aqueous solution was clear, but
precipitation was always observed in the lower organic phase. A 0.50 ml
portion of tiie upper aqueous phase was removed and diluted 20-fold with
deionized water. The alkali-metal cation concentrations were determined by
ion cliromatography and were compared witii tiiose from a parallel extraction
m wliich the organic phase did not contain any crown etiier polymer. From
tiie alkah-metal cation concentration difference of tiie upper aqueous phases
for these two sets of experiment, the amomits of alkah-metal cations extracted
into the organic phase by the crown ether-contauiing, ion-exchange polymer
were calculated.
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CHAPTER IV
SYNTHESIS AND METAL CATION SEPARATION
OF CYCLIC AND ACYCLIC DEBENZO
POLYETEEER POLYAMEDES
hitroduction
Crown ethers can be incorporated into linear polymers as components
of the backbone stmctme or as pendent moieties attached onto the polymer
chams. The first type of polymer is generally made by condensation
polymerization from a difimctional monomer containing a crown ether unit.
Feigenbamn and Michel first reported a linear condensation polyamide
contauiing a dibenzocrown ether miit in the polymeric backbone.^^ They

-NH
-• n

13
syntiiesized polyamide 13 by reacting di(aininobenzo)-18-crowii-6 m
hexamethylphosphoramide (EEMPA) with isophthaloyl cliloride. A liigli
molecular weiglit polyamide 13 ([r|] = 7.5 dl/g in EEMPA) was produced by
Schchori and Jagm-Grodzinski who treated crystals of isophtiialoyl cliloride
witii an EIMPA solution of di(ainiiiobeiizo)-18-crowii-6.34,35

Jougli

membranes of polyamide 13 and its blends with poly(vinylpynolidone) (PVP)
cast from hexafluoroisopropanol were equilibrated with salt-contauiuig
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solutions to determine the salt solubility and water diffusion properties and to
evaluate their potential applications in desalination. Scanning electron
microscopy and differential scamiing calorimetery showed fonnation of a
thermodynamic miscible polymer blend of polyamide 13 with PVP. Because
of low mobility of absorbed sah m the membrane, reverse osmosis
experiments for polyamide 13 membranes indicated that their intrinsic
osmotic characteristics were superior to those of commonly used materials,
such as cellulose acetate and polyaramides. The salt rejection of polyamide
13 membranes was in the range of 95-99.5% and the water permeability in
the ranges of 3.6-7.3x10"^ cm^/sec. The complexation behavior of polyamide
13 with potassimn and cesimn salts was also investigated by Ricard and
Lafiima by l^C and l^^Cs NMR in deuterated dimethylsulphoxide (DMSOd5).121 For the larger sized alkali-metal cation, formation of 1:1 and
sandwich-type 2:1 crown ether-cation complexes were indicated by the NMR
resuhs of the chemical shift variation as a fimction of the cation-crown ether
molar ratio.
The introduction of carboxylic acid groups into crown ether polyamide
13 should unprove the hydrophihcity of the polymer and facilitate water
transport through the membrane. Polyamide acids 73 and 74, which were
synthesized from di(aminobenzo)-18-crown-6 with pyromelhtic anliydride
and

trimellitic

aiiliydride-4-acid

chloride

or

benzenetetracarboxyhc

dianhydride, and their membranes for use m ultrafiltration and reverse
osmosis have been described in a patent by Frost.^^ This type of polymer has
botii the selective cation-bmdmg crown etiier cavity and ion-exchange
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carboxylic acid group. Their membranes can be used to selectively transport

o ^

o

^r^'^^"'^

CO2H -J

k/O^
73

c^
--""^ok / O ^

HO2C

cO,H -I

74

metal cations from a basic aqueous phase to an acidic aqueous phase by
proton-driven mechanism. Proton loss and cation extraction at tiie basic
solution interface of the membrane initiates the transport process. Tlie crown
ether complex so fonned is basic with respect to an adjacent crown etiier miit
in the membrane and pairwise exchange of the cation and a proton moves
fiirtiier into tiie membrane. A series of similar micro-processes results in net
transfer of a proton from the acidic to the basic phase with simultaneous
transfer of a metal cation from the basic to the acidic phase. Proton-driven
metal cation transport by bulk membranes of polyamide acid 73 and crown
etiier attached poly(etliylene-co-inaleic anliydride) was described by Shono et
al 37,122 Other reported polymeric acid systems containing pendent crown
etiier moieties are too brittle to fonn tougli bulk membranes. 123,124 Coatuig
a crown etiier polymeric acid on a microporous Teflon filter 123 or casting the
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membrane from a blend of crown ether polymeric acid with polyaramides or
polysulfonesl24 can provide membranes with good mechanical strength for
the metal cation transport experiments.
The selectivity of proton-driven cation transport for crown ether
polymeric acids should be determined by the metal cation complexation
ability and selectivity of the crown ether units, the type of ionizable groups,
and the relative position (preorganization) of the crown etiier cavities relative
to tiie ionizable groups. A proper spatial relationship of the crown ether
cavity and ionizable group will promote cooperation of the two metal ionbinding sites and enhance selectivity. The molar ratio of ionizable groups to
crown ether units in crown ether polymeric acids also plays an important role
m cation proton-driven transport. For polyamic acid 74 which contains two
carboxylic acid groups for each crown ether unit, the transport selectivity for
K"*", wliich matches the size of the dibenzo-18-crown-6 cavity, over Cs"*" is
only 1.4.3^ Tliis low selectivity is attributed to insufficient crown ether units
to selectively recognize the metal cations being bomid by the carboxylic acid
groups m the proton-driven membrane transport process.
fii the hteratme, a series of dibenzo-16-crowii-5 ethers with pendent
ionizable groups has been synthesized and utilized for selective solvent
extractions of alkali-metal cations.93»94,125-128 High Na"^ complexation
selectivity was fomid for tiiose crown ethers with pendent carboxylic acid
groups oriented over the crown etiier cavities, such as 5>^m-(decyl)dibenzo16-crown-5-oxyacetic acid. Fonnaldehyde-type crosslinked crown etiier
carboxylic acid resms44-51 and styryl-type linear polymers containing
dibenzo-16-crown-5-oxyacetic acid moieties were also synthesized (see
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Chapter III). A significant enliancement in the metal cation complexation
selectivity by preorganization of the ionizable group relative to the crown
ether cavity was noted.
In the present study, several novelfiinctionalpolyamides wliich contain
acyclic dibenzopolyether and dibenzocrown ether units with ester side anns
were synthesized. The ester groups were subsequently hydrolyzed to
carboxyhc acid fimctions. The new polyamide esters and carboxylic acids
were characterized by several instmmental metiiods. Some of the synthesized
crown ether polyamide acids were cast into mechanically strong membranes.
Competitive alkali-metal cation sorption from an aqueous phase and protondriven membrane transports by the polyamides and their membranes,
respectively, were uivestigated.
Resuhs and Discussion
Preparation of Diamino Monomers
To obtam a fiuictionalized dibenzocrown ether monomer that can be
mcorporated mto a polyamide, Michel and Feigenbaum^^ first nitrated
dibenzo-18-crowii-6 with a mixtme of nitric acid and acetic acid in a
clilorofonn-acetic acid solution, followed by catalytic hydrogenation of the
nitro groups with Raiiey nickel to prepare di(aininobenzo)-18-crown-6. A
sunilar approach was taken in tliis investigation. Figme 4.1 outlines the
synthesis of diamino monomers 79 and 80 wliich contain dibenzo-16-crowii-5
units and ester side anns.
Tlie nitration conditions of nitric acid in acetic acid-clilorofonn solution
wliich were utilized with dibenzo-16-crowii-5-oxyacetic acids 35 and 36 are
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mild. Proton NMR spectra showed that no dinitration occuned in either of the
dibenzo-16-crowii-5 miits. If the solvent medimn for tliis reaction were acetic
acid mstead of an acetic acid-cWoroform mixture, ovemitration miglit have
been observed. 129 The yields for the nitration reactions were ahnost
quantitative. For nitration of of 35 and 36, stmctmal isomers of the dinitrated
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R
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Figme 4.1. Synthesis of diamino monomers 79 and 80 wliich contain
dibenzo-16-crowii-5 miits and ester side anns.

products were obtamed due to tiie fom possible nitration positions in each
aromatic ring of the dibenzocrown etiier carboxylic acids. Multiple spots
were observed for both dinitrated products 75 and 76 when analyzed by thin
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layer cliromatography (TLC). The broad melting point ranges observed for
both dinitrated compomids 75 and 76 also indicates tiiat the products are
mixtures of isomers.
Reduction of dinitrated dibenzocrown ether oxyacetic acids 75 and 76
to the conespondmg diamino compomids was first attempted by catalytic
hydrogenation usmg Pd/C as the catalyst with 60 psi of hydrogen in ethanol at
room temperatme. However, the low solubility of 5y/w-di(iiitrobeiizo)-16crovm-5-oxyacetic acid 75 in ethanol was problematic for tliis reaction. An
alternative catalytic hydrogenation method using hydrazine as a hydrogen
somce m refluxuig ethanol was investigated, hi tliis reaction process, it was
fomid that the nitro groups were reduced to amines, but the carboxylic acid
group m tiie crown ether side arm was also changed to a hydrazide fimction
(-CONHNH2) by the hydrazme. Carbonyl peaks at 1660-1680 cm-l in the IR
spectra of the reaction products provided strong evidence for tiie fonnation of
acyl hydrazides. Proton NMR spectra also gave a broad peak for the armiie
groups with six hydrogen atoms and anotiier peak at around 9.0 ppm wliich
was assigned to tiie C(0)NH hydrogen of the hydrazide group. The elemental
analysis (C, H, N) results were close, but not perfect, for tiie two acyl
hydrazide products 77 and 78. Tliis suggested tiiat some impurity was
present. The slightly impme hydrazides were utilized witiiout further
purification for the subsequent esterification reaction.
The hydrazide group m 5yw-di(aiiiiiiobeiizo)-16-crown-5-oxyacetyl
hydrazide compomids 77 and 78 could react with a diacid cliloride and be
detrimental to attempts to prepare linear polyamides by condensation
polymerizafion. To probe tliis potential comphcation, 5^ym-di(aniinobeiizo)128

16-crown-5-oxyacetyl hydrazide (77) was reacted with isophthaloyl chloride
and a crossluiked gel product was obtained. Thus, conversion of the acyl
hydrazide group in di(anmiobenzo)-16-crowii-5 acyl hydrazide compounds 77
and 78 into a relatively inert group was necessary. Tliis was perfonned by
refluxing each acyl hydrazide with sulfiiric acid catalyst in methanol for one
day. The amount of sulfiiric acid utilized in tliis reaction was at least more
than fom molar equivalents per equivalent of di(aniinobeiizo)-16-crown-5
acyl hydrazides. Such an excess was needed because of neutralization of the
sulfiiric acid by reaction with tiie two amine groups and one acyl hydrazide
group.
To

prepare

methyl

5ym-(propyl)di(aininobenzo)-16-crown-5-

oxyacetate (80) from 57/w-(propyl)di(nitrobenzo)-16-crown-5-oxyacetic acid
(76), another procedme was also be used. 5>^m-(Propyl)di(nitrobenzo)-16crown-5-oxyacetic

acid

was

first

transfonned

to

methyl

sym-

(propyl)di(nitrobenzo)-16-crowii-5-oxyacetate by refluxing m methanol in tiie
presence of sulfiiric acid. The resultant ester was tiien reduced by catalytic
hydrogenation

(Pd/C, 60 psi hydrogen) to provide

methyl

sym-

(propyl)di(ainmobeiizo)-16-crowii-5-oxyacetate (80). This method was not as
effective for the syntiiesis of metiiyl 5>'m-di(aiiiinobeiizo)-16-crown-5oxyacetate 79 because of tiie low solubilty of botii 5ym-di(iiitrobenzo)-16crown-5-oxyacetic

acid

and

metiiyl

5y/?i-di(nitrobenzo)-16-crown-5-

oxyacetate m the alcoholic solvents wliich are generally used for catalytic
hydrogenation.
For comparison studies, a stmctmally related diamino monomer with
an acyclic dibenzo polyetiier unit and a metiiyl ester side group, metiiyl 4-[o129

methoxy-m(p)-ammopheiioxyinetliyl]-5-[o-inethoxy-w(/7)-aininophenoxy]-3oxapentanoate (83) was synthesized from 4-(o-inethoxyphenoxymethyl)-5-(omethoxyphenoxy)-3-oxapentaiioic acid (28) by an approach similar to that
developed for the preparation of di(ainuiobenzo)-16-crown-5 monomers 79
and 80. The synthetic procedme is outiined in Figme 4.2. The last two steps
of hydrogenation and esterification to make metiiyl 4-[o-methoxyamino-/w(/7)phenoxymetliyl]-5-[o-metiioxy-m(p)-aiiiiiiopheiioxy]-3-oxapeiitate (83) can be
replaced by first esterification and then hydrogenation as was done for methyl
5y/w-(propy)di(anmiobeiizo)-16-crowii-5-oxyacetate (80).
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Figme 4.2. Syntiiesis of diamino ester monomer 83 which contains an
acyclic dibenzopolyether miit.

Preparation of Polvamide Hsters and Acids
The dnect polycondensation of di(aininobenzo)crown ethers with
diacid clilorides in liigli polarity basic solvents, such as HMPA, is known to
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be a convenient method for the preparation of liigli molecular weight
polyamides. Because of the cunent restrictions on the pmchase of HMPA, Nmetiiyl pyrrolidone (NMP) was used instead as the polymerization solvent.
Tliis method was utilized to prepare the dibenzo-16-crown-5 and acyclic
dibenzo polyether contaiimig polyamide esters 84-95 (Figure 4.3). All of the
polycondensation reactions for diamino monomers 79, 80 and 83 with the
different diacid clilorides proceeded readily in homogenous NMP solution
and gave yields of polyamide ester of more than 95%.
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Figme 4.3. Stmctmes of polyamide esters 84-95 wliich contain dibenzocrown ether and acyclic dibenzo polyether units.
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To transfonn the methyl ester groups of polyamide esters 84, 85, 89,
90 and 94 into ion-exchange carboxylic acid groups, polymer samples as
powder or cast membrane were reacted with 1.0 N aqueous NaOH at 60 ^C
for 24 horns to produce polyamide acids 96-99 and 101 (Figme 4.4). The
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Figme 4.4. Stmctmes of polyamide acids 96-101 wliich contain dibenzocrown ether and acyclic dibenzo polyether units.

132

physical shape of membranes cast from these polyamide esters was found to
be unaffected by the hydrolysis condition. The complete hydrolysis of
polyamide esters to polyamide acids was demonstrated by proton NMR
spectroscopy. When the hydrolysis was conducted at higher temperatmes of
80 and 100 oC, mptme of the polyamide ester membranes was noted. To
avoid cleavage in the polyamide chain for 93, tiie hydrolysis reaction was
conducted for only 3 horns at 60 ^C to provide polyamide acid 100 (Figme
4.4).
Wlien the hydrolysis at 60 oC was applied to the other polyamide
esters 86-88, 91-93 and 95, significant decomposition or cleavage was
observed to occm within the polymer chains. No polymers were recovered
from hydrolysis of polyamide esters 86-88, 91-93 and 95 for 24 horns. More
facile cleavage of tiie amide linkages in the polymer chain during hydrolysis
of the side arm ester groups m polyamide esters 86-88, 91-93 and 95 than
polyamide esters 84, 85, 89, 90 and 94 is probably due to their higlier
hydrophihcity.
The presence of methyl ester fimctions in the crown etiier polyamides
was fomid to be cmcial for transfonnation of the the side arm ester groups
into carboxyhc acid groups. Polyamide esters 102 and 103 which have
pendent etiiyl ester groups instead of the methyl ester groups in tiie polyamide
esters 84 and 89 were initially synthesized. However, polymers 102 and 103
were not hydrolyzed at all in 1.0 N aqueous NaOH at 60 oC. When the much
harsher conditions of 1.0 N KOH m water-DMF (10:90) at 100 oc for 24
horns were utilized, about 90% of the etiiyl ester groups were observed to be
hydrolyzed based on the proton NMR spectra. The effect of the hydrolysis on
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the molecular weiglit of the resultant polymers was studied with gel
permeation cliromatography (GPC). Due to the carboxylic acid groups in the
formed crown ether polyamide acids, 0.1 M LiBr in DMF was used as eluent
and polystyrenes as standards. The GPC results for polymer esters 102 and
103 and their hydrolyzed products are presented in Table 4.1. The molecular
weiglits of the hydrolyzed polymers are observed to decrease significantly.
This mdicates that the harsh condition required for the hydrolysis of the ethyl
ester groups in polymers 102 and 103 also caused very substantial cleavage
of the polyamide miits.
R^.CX:H2C02CH2CH3

O

O

O^^^^
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-HN
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Table 4.1.

HC3H7-

GPC characterizafion of polyamide esters 102 and 103 and then
hydrolysis products.
Polyamide

102 (before hydrolysis)
102 (after hydrolysis)
103 (before hydrolysis)
103 (after hydrolysis)

Mil

Mw

Mw/Mn

93,000

284,000

3.05

low molecular weiglit oligomer obtamed
117,000

887,000

7.54

47,000

51,000

1.08
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Characterization of Polvamide Esters and Acids
The chemical stmctmes of the synthesized polyamide esters and acids
were characterized by IR spectroscopy, proton and l^C NMR spectroscopy
and elemental analysis. In the IR spectra, the characteristic amide absorptions
at 3400-3200 (N-H) and 1675-1655 cm-l (c=0) and carbonyl absorption of
the ester or the carboxyhc acid group at 1750-1720 cm"l were observed for
all of the polyamide polymers. For polyamides with carboxylic acid groups, a
broad absorption in the range of 3800-2500 cm"l was observed, which is
attributed to the N-H stretcliing vibration of the amide units and the 0-H
stretcliing vibration of tiie carboxylic acid groups. Typical ER spectra for
crown ether-contauiing polyamide ester 84 and its hydrolysis product
polyamide acid 96 are presented in Figme 4.5.
Often it is difficuk to obtain liigh resolution proton NMR spectra for
polymers due to the hindered translational and rotational movements of
polymer molecules m solutions. However, crown ether polyamides 84-103 all
exliibited well-resolved proton NMR spectra. Well-resolved proton NMR
spectra with appropriate peak integrals confinned the stmctmes of the crown
ether polyamide polymers. Representative proton NMR spectra of polyamide
ester 84 and its hydrolysis product polyamide acid 96 are presented in Figme
4.6. The peak at around 10.4 ppm is for the amide groups m the polymers.
Comparison of the proton NMR spectra of polyamide ester 84 and polyamide
acid 96 reveals that the only significant difference is very marked reduction m
the peak at 3.36 ppm assigned to the methyl groups in polyamide ester 84 on
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going to polyamide acid 96. Tliis shows that the hydrolysis afforded an
ahnost complete hydrolysis of the side ann ester groups.
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Figme 4.5. IR spectra of (a) crown ether containing polyamide ester 84 and
(b) its hydrolysis product polyamide acid 96.
To ftulher characterize the chemical stmctmes of some of the
polyamide esters and acids, l^C NMR spectrooscopy was employed.
Representative l^C NMR spectra of polyamide ester 84 and its hydrolysis
product polyamide acid 96 are given in Figure 4.7. Two peaks at
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approximately 171 and 164 ppm are assigned to the amide and ester (or
carboxyic acid) groups in the polymers. Disappearance of the peak for the
methyl carbon of the methyl ester at 51.5 ppm in the spectrum of polyamide
acid 96 mdicates a complete ester hydrolysis. Due to the variable amide
group positions on aromatic rings of the dibenzocrown ether units, the
aromatic carbon absorptions in the range of 100-155 ppm are very
complicated.
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Figme 4.6. Proton NMR spectra of (a) crown ether polyamide ester 84 and
(b) its hydrolysis product polyamide acid 96 in deuterated
DMSO.
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Figme 4.7. 13c NMR spectra of (a) crown ether polyamide ester 84 and (b)
its hydrolysis product polyamide acid 96 in deuterated DMSO.
Proton and l^C NMR spectroscopy are very powerfijl techniques for
the study of metal cation complexation by crown ether polyamides in tiie
deuterated DMSO solution. 123 For polyamide 13, the study of tiie chemical
shift variations as a function of crown/cation molar ratio showed that the
complexation of Cs+ by 18-crowii-6 miits in the polymamide chain involves
two equihbria witii fonnation of both a 1:1 crown ether-cation complex and a
2:1 crown etiier-cation sandwich complex. Unfortunately in the present
investigation, addition of alkali-metal salts, such as clilorides, tliiocyanates
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and acetates, into deuterated DMSO solutions of the crown ether-containing
polyamide esters caused precipitation of the polymers. Tlie alkali-metal salts
of polyamide acids 96-100 were insoluble m deuterated DMSO and other
solvents, such as water, methanol and clilorofonn at room temperatme. Some
solubihty enhancement in deuterated DMSO was observed upon heating.
However it was not possible to utilize l^C NMR spectroscopy to study the
complexation of the alkali-metal cations by the present crown ethercontaining polyamides.
Elemental analysis by combustion was also utilized to confinn the
stmctmes of the dibenzo polyether-containing polyamide esters and acids 8494, 95-99 and 101. The results are presented in Table 4.2. The observed
carbon, hydrogen and nitrogen contents agreed well with the calculated
values based on Imear stmctmes. These results are a bit surprismg, since the
elemental analysis results obtained with coimnon aromatic polyamides which
have high thermal stabilities usually agree poorly with the calculated
values. 1^^
Some of the new dibenzo polyether polyamide esters and acid were
furthered characterized by light scattering photometry, differential scannmg
calorimetry (DSC) and thennogravimetric analysis (TGA). Light scattering
photometry is a method for measuring the absolute weiglit-average molecular
weights of polymers and is conducted at 25 ^C in DMF solution with a
differential refractometer as the detector. The most unportant physical
property of polymers is the glass transition temperatme (Tg), which is usually
measmed by the DSC method. The glass transition temperatme of the
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Table 4.2.

Elemental analysis resuhs for the dibenzo polyether polyamide
esters and acids.
Found Percent ( % )

Calculated Percent ( % )
Polymer

C

H

N

C

H

N

84

62.28

5.23

4.84

62.03

5.29

4.62

85

59.55

5.92

5.14

59.16

5.97

5.38

86

57.14

5.53

5.13

56.87

5.51

5.19

87

59.81

4.86

4.50

60.01

4.74

4.59

88

57.66

4.54

4.20

57.89

4.50

4.31

89

63.86

5.85

4.51

63.44

6.03

4.49

90

61.42

6.53

4.78

61.64

6.32

4.87

91

59.18

6.17

4.76

59.47

5.99

4.81

92

61.44

5.16

4.21

61.69

5.29

4.39

93

59.32

5.12

3.95

59.12

5.04

4.24

94

62.68

5.26

5.22

62.36

5.36

5.42

96

61.70

5.00

4.96

61.23

5.03

4.91

97

58.86

5.70

5.28

58.27

5.79

5.26

98

63.36

5.65

4.62

63.31

5.66

4.67

99

60.83

6.34

4.89

59.95

6.19

4.92

101

62.07

5.02

5.36

61.85

5.09

5.58

polyamide samples in tliis study were obtained from tiie second heatmg DSC
curves at a heatmg rate of 20 oC mider nitrogen protection. TGA is a
common method for characterizmg the tiiennal properties of polymers. Some
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unportant parameters of polymers, such as the initial decomposition
temperatme, are readily obtained from the TGA curves.
The weight-average molecular weiglit (Mw) and glass transition
temperatme (Tg) for some of the dibenzo polyether-contaming polyamide
esters and acids prepared in tliis study as measured by light scattering
photometery and DSC, respectively, are recorded in Table 4.3. Polyamide
esters 84-86 have weiglit-average molecular weiglits of more than 100,000. hi
contrast, the other polyamide esters 87-94 have much lower molecular
weiglits. Tliis explams why mechanically strong membranes could be cast
from polymamides 84-86, but not from 87-94. Polyamide acids 96, 98 and
101 were obtamed by hydrolysis of polyamide methyl esters 84, 89 and 94,
respectively- Some decrease in the molecular weiglits of the tliree polyamide
acids from those of the conespondmg polyamide methyl esters is noted.
However the absence of more substantial degradation shows that the
employed hydrolysis conditions were mild and caused relatively little
cleavage of the polyamide backbones.
The glass transition temperatmes for polyamide esters 84 and 89 are
190 and 199 ^C, respectively. Replacing the m-phenylene groups in the
backbone with -CH2CH2CH2- or -CH2OCH2- groups causes the glass
transition temperatme to decrease significantly as shown m Table 4.3. Tliis is
due to the mcreased flexibility of the polymer chain when the w-phenylene
groups are replaced by -CH2CH2CH2- or -CH2OCH2- groups. The
transfonnation of the methyl ester groups to the carboxylic acid groups also
significantly changed the glass transition behavior. For crown ethercontauiuig polyamide acids 96 and 98, the glass transition temperatme ranges
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were too broad for Tg to be dertennined. However, the glass transition for
acyclic polyether-contaiimig polyamide acid 101 could be detennined. The l^g
value of 159 ^C is higher than the Tg of 136 ^C which was obsei-ved for tlie
conespondmg polyamide ester 94.
Table 4.3.

Characterization of dibenzo polyether polyamides by hght
scattering and DSC

Polyamide

Mw(xl03)

Tg (oC)

84

187

190

85

179

138

86

270

132

87
88

8.6
19

nd*
nd*

89

7.6

199

90

11.2

144

91

20

135

93

11

nd*

94

42

136

96

38

bt**

98
101

7.4
24

bt**
1^

* nd = Not detennined due to the transfonnation of these polyamides
to polyamide imide and polyimide at elevated temperatures.
** bt = Broad transition. The glass transition temperature range was loo
broad for Tg to be detennmed accurately.
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Tlie uiitial decomposition temperatures detennined by TGA for some
of polyamide esters and acids contaumig dibenzo polyether miits are
presented m Table 4.4. Polyamide esters 84 and 94 witii w-phenylene groups
in the backbone had the higliest uiitial decomposition temperatmes. Replacing
the /w-phenylene groups m the backbone with -CH2CH2CH2- or -CH2O
CH2- groups produced a decrease in the initial decomposition temperature. It
appears that the presence of the aromatic group in the polyamide chain helps
Table 4.4.

Initial decomposition temperatme (Td) of dibenzo polyether
polyamides measmed by TGA

Polyamide

84

85

86

87

88

Td (OC)

389

365

357

355

349

Polyamide

89

90

91

93

94

Td (OC)

358*

374

368

369

390

Polyamide

96

97

98

99

101

Td(OC)
343
323**
323**
336**
344
* Tliis datmn is questionable since it does not conelate with the
trends established by the other polymers.
** The data are not accmate due to the wide decompostion temperatme range for these polyamide acids.
to enliance the thennal stability of polyamides at elevated temperatmes. The
presence of side ann carboxylic acid groups in polyamide acids 96-99 and
101 are also observed to decrease the thennal stability. For the polyamide
esters 87, 88 and 93 with one or more carboxylic acid groups on the aromatic
ring, tiie uiitial decomposition temperatures listed m Table 4.4 are actually for
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the correspondmg polyamide imide or polyunide. Tliis is because all of the
benzoic acid groups in the polyamides were transfonned to imide groups at
about 150-200 oc before any decomposition occuned.
Alkali-Metal Sorption bv Polvamide Acids
The first uivestigation of alkali-metal binding by the polyamic acids
contauiuig acyclic and cyclic dibenzo polyether units was to measme
competitive alkah-metal cation sorption from an aqueous phase. An aqueous
solution of five alkali-metal cations (0.10 M m each, pH about 12.8) as the
chlorides and hydroxides was shaken with the polyamide acid powder. No
significant swellmg of the polyamer was noted for crown ether polyamide
acids 96 and 98. For the other crown ether and acyclic polyether-containuig
polyamic acids 97 and 99-101, noted swellmg of polymer was observed when
an aqueous or a methanol-water (70:30) mixtme solution was used in the
sorption step. Such swellmg prevented filtration of these polyamide acids
after tiie sorption process, so their alkali-metal sorption behavior could not be
acessed. In a control experiment, it was shown that a shaking time of 2 horns
was sufficient to reach sorption equihbrimn with polyamide acids 96 and 98.
The polymer powder was filtered from the aqueous mixtme, washed with
deionized water and dried. Of the dried resin, a weiglied portion was shaken
with 0.10 M HCl solution to strip the metal cations from the polymer mto
aqueous solution for analysis by ion chromatography. A stripping tune of 1
horn was detennmed by a control experiment to be sufficient to strip all of the
sorbed metal cations from the polyamide acids. No significant difference m
alkali-metal cation sorptions was observed for samples of polyamic acids 96
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and 98 which had different particle sizes. Higli efficiency (>90%) of ionexchange capacity m the sorption experiments demonstrated that the
polyamide acids have good water affinity and good water penneability.
Results for competitive alkali-metal cation sorption by polyamide acids
96 and 98 wliich contam dibenzo-16-crowii-5 miits are presented in Table
4.5. Botii crown ether polyamic acids are selective for Na+. The sorption
selectivity orders are: Na~^ > K+ > Rb+ > Li+ > Cs+ for 96 and Na+ » K+,
Li+ > Rb+> Cs+ for 98. Polyamide 98 has a much liiglier Na+ selectivity than
does 96. Preorganization of the side ann carboxylic acid groups in 98 is found
to provide the liigli selectivity of the crown ether miits as was shown earlier
for formaldehyde condensation resins (Chapter II) and styryl-type polymers
(Chapter III).
Table 4.5.

Alkali-metal cation sorption (imnol/g) by the crown ethercontaining polyamide acids 96 and 98.

Polymer

Li+

Na+

K+

Rb+

Cs+

96

0.17

0.75

0.43

0.20

0.13

98

0.11

1.10

0.12

0.08

0.07

Li the studies reported in Chapter II, alkali-metal cation sorption by a
fonnaldehyde condensation resm (50) prepared from 5;^w-(propyl)dibeiizo16-crowii-5-oxyacetic acid showed a Na+/K+ selectivity of about 3. Control
of the level of crossluiking for the resm by decreasmg the polymerization time
improved the selectivity to about 4. However tliis is a significantly lower ratio
tiian that observed (Na+/K+ about 10) for linear polyamide 98 wliich contains
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tiie same ^;^m-(propyl)dibeiizo-16-crowii-5-oxyacetic acid miit. This is
probably attributable to lower steric hindrance for binding of metal cations by
both the carboxylic acid group and the crown ether cavity for the
uncrosslmked polyamide acid. Lmear styryl-type polymers 71 and 72, which
contam the same crown ether carboxylic acid miit, also gave similar Na+/K"^
selectivity in a solvent extraction mode.
Proton-Driven Alkali-Metal Cation
Transport Tlirougli Crown Ether
Polvamide Acid Membranes
Crown ether-contaimng species have been extensively applied as
ionophores for membrane transport of metal ions, hi most cases of crown
ether-mediated cation transport, liquid membranes are utilized and ionophores
are dissolved in them. Of particular interest are membranes wliich pennit the
transport of metal cations to be driven by protons. So far, very few polymeric
membranes based on proton-ionizable crown ether polymers or umnobilized
proton-ionizable crown etiiers have been developed. One of the reasons is
that fihns of most crown ether polymeric acids are rather brittle. In the
present study, some of the synthesized polyamide acids, such as 96, wliich
have both a crown ether moiety and an ionizable groups, could be cast from
DMF solution to fonn mechanically tough membranes. A mixtme of
polyamide acids 96 and 98 (50:50) could also be cast as a mechanically tougli
membrane, although the membrane wliich was cast from polyamide acid 98
was brittle. The good mechanical properties of these fihns encomaged the
exmimiation of crown etiier-mediated, proton-driven, alkali-metal cation
transport tlirougli these polyamide acid membranes.
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The transport of alkali-metal cations tlirougli polyamide acid
membranes was conducted in the glass transport cell wliich is shown in
Figme 4.8. The cell was separated mto two compartments by the polyamide

2.5 cm

Phase 1

Membrane

Phase 2

Figme 4.8. Glass transport cell employed for proton-driven transport across
a crown ether polyamide acid membrane.
acid membrane. Phase 1 is a solution of alkali-metal hydroxides (2.00x10"^
M m each of LiOH, NaOH, KOH, RbOH and CsOH). Phase 2 contams the
same volmne of a solution of alkali-metal clilorides and hydrocliloric acid
(2.00x10-3 M m each of LiCl, NaCl, KCl, RbCl and CsCl, 1.0x10-2 M for
HCl). Therefore the two solutions had identical uiitial alkali-metal cation
concentrations, but different pH values. The transport experiment was
conducted at room temperatme. The two aqueous phases were stined
mechanically at a rate of 200 rpm during the cation transport experiment.
Aliquots (0.50 ml) of the aqueous solution were periodically removed from
each phase with a syringe and diluted 20-fold. Alkali-metal cation
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concentrations in the resultant aqueous solutions were detennined by ion
cliromatography.
The alkah-metal cation transport behavior for membranes of polyamide
acid 96 and the 96:98 mixtme is shown m Figmes 4.9 and 4.10, respectively.
The results demonstrate proton-driven cation transport tlirougli the
membranes from the basic into the acidic phase. Clearly, the polyamide acid
membrane is acting as a metal cation pump since the metal cations are being
transported against then concentration gradients. In a control experiment
conducted with polyamide ester 84, wliich does not bear carboxylic acid
groups, the alkali-metal cation concentrations and pH values remamed
constant m both aqueous phases. No alkali-metal cation transport was
observed for the neutral polyamide membranes.
For proton-driven, alkali-metal transport by crown ether polymeric acid
membrmies, two possible transport mechanisms are shown in Figme 4.11. In
Mechanism A, the crown ether miits cooperate with the carboxylic acid
groups mtramolecularly. The selectivity in the proton-driven transport by this
mechanism would be provided by the ion complexation behavior of the crown
ether units m the polymeric acids, hi Mechanism B, only the carboxylic acid
groups m the membrane play a role in the proton-driven transport. At the
basic mterface, metal ions are taken by the carboxylate groups to replace
protons and then released to the acidic phase, hi this mechanism, the
selectivity of cation transport depends on the hydration energy for the cations.
For alkali-metal cations, the transport rate would be expected to decrease m
the order: Cs+ > Rb+ > K+ > Na+ > Li+. Since Li+ has the liighest hydration
energy, it therefore has the slowest transport rate tlirough the membrane.

148

o
o
o
X

a
o
U

20

40

60

Time (hour)

Figme 4.9. Proton-driven transport of alkali-metal cations tlirough a
membrane of polyamide acid 96 for alkali-metal cations.
(A) Li+, (0) Na+, (•) K+, (x) Rb+, (+) Cs+.

0

40

80

Time (hour)

Figme 4.10. Proton-driven transport of alkali-metal cations tlirough a blended
membrane of polyamide acids 96 and 98 (1:1) for alkali-metal
cations. (A) Li+, (0) Na+, (•) K+, (x) Rb+, (+) Cs+.
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Figme 4.11. Illustration of the two mechanisms for proton-driven cation
transport by crown ether polymeric acids.
The competitive proton-driven transport behavior for the two
polyamide acid membrmies cast from 96 and from a 96:98 mixtme was
sunilar except for the the lower transport rate with the blended 96:98
membrane. The lower transport rate of the blended membrane is due to the
mtroduction of polyamide acid 98, wliich has a lower hydrophihcity
compared to polyamide acid 96. The transport selectivity is K"^, Rb+, Cs+
>Na'*" > Li"^ for these two membranes. Transport selectivity for Na+ was not
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observed. Due to the match of its size and the cavity dimensions, Na"^ is
expected to be the best complexed cation by dibenzo-16-crown-5 units. This
transport selectivity order is similar to that reported for polyamide acids 104
wliich has no crown ether miits.37 it appears that the crown etiier units play
little role m metal ion transport of the two membranes and Mechanism B is
the dominant mechanism. Tliis is attributed to the relatively weak complexing
ability of dibenzo-16-crowii-5 miits due to the tliree-carbon bridges in the
crown ether rings.
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Preorganized pendent carboxyhc acid groups on dibenzo-16-crown-5
units were shown to significantly increase the solvent extraction selectivity of
dibenzo polyether polymeric acids in Chapter III. This was also observed for
the sohd-hquid sorption by formaldehyde condensation crosslinked resins and
linear polyamide carboxyhc acids. However the 96:98 blended membrane
exliibited no apparent selectivity enliancement for Na+ in proton-driven
transport. Tliis suggests that preorganization of the carboxylic acid group
relative to the crown ether cavity is relatively miimportant for metal cation
transport by these polymeric membranes.
A combination of a preorganized binding site and a crown ether miit
with stronger complexing ability for the targeted metal cation miglit enliance
the selectivity of metal ion transport across the membrane. Polyamide acid
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105 would have both a stronger complexing crown ether unit, dicyclohexano16-crown-5 miit, and a preorganized carboxylic group. It would be expected
to exliibit a selectivity for Na+ in the proton-driven transport. However,
catalytic hydrogenation at liigli pressme and elevated temperatme of
duiitrated crown ether carboxylic acid 76 to fonn diamino monomers
contaming the dicyclohexano-16-crown-5 miit failed due to poisoning of the
catalyst. Therefore the crown ether monomer necessary for the preparation of
polyamide 105 could not be realized.
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Because of low mobility of absorbed salt in the membrane, crown
ether-contaimng polyamide membranes have exliibited liigli salt rejection rate
in reverse osmosis experiments.^^ Dibenzo polyether polyamide esters and
acids, such as 84 and 96, could be cast to fonn mechanically tougli
membrane. An attempt was made to assess the reverse osmosis properties of
these membrane with a simple, home-made apparatus (Figme 4.12). The
membrane cell was a liigli pressme fiher body (A-330 Semi-Prep model)
pmchased from Upchurch Scientific, Inc. The membranes cast from crown
ether polyamides 84 and 96 are strong enougli to remam mtact at liigli
pressmes of more than 600 psi. However due to leakage of the cell at tliis
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high pressme, measurement of the reverse osmosis properties for these crown
ether polyamide membranes failed.

Frit Cover

Pressure f \
ReguIatoiSr-^

Membrane
Nitrogen
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UP A-330
Filter Body
Pressure Tank

Figme 2.12. Schematic diagram of a simple, home-made membrane test
apparatus for reverse osmosis.
Experimental
General Instrumentation
Meltmg pomts were detennined with a Fisher-Jolms melting pouit
apparatus. The ^H and l^C NMR spectra were recorded with a Brucker-IBM
AF-200 NMR spectrometer. Chemical sliifts are in parts per million (ppm)
downfield from the mtenial standard tetramethylsilane (TMS). Splitting
patterns are mdicated as: s, singlet; d, doublet; t, triplet; m, multiplet; and br,
broad peak. Infrared spectra were recorded on a Perkin-Ehner 1600 Series
FT-IR spectrometer and are given in wavenmnbers (cm"l). Concentrations of
alkali-metal cations m the aqueous phases were determined with a Dionex
Model 2000i ion cliromatograph. Elemental analyses were performed by
Desert Analytics of Tucson, Arizona. Gel penneation cliromatography (GPC)
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measurements for molecular weiglit and distribution of some polyamides were
kmdly perfonned with 0.1 N LiBr in DMF as the eluent and polystyrenes as
tiie standards by Dr. David Langlois at Los Alamos National Laboratory.
Differential scanning calorimeter (DSC) measmements were conducted with
a Delta Model DSC-7 calorimeter with a heating rate of 20.0 oC/min mider
nitrogen protection at the histitute of Chemistry of the Academia Siiiica in
Beijmg, Cliuia. The thennogravuntric analysis (TGA) was also carried out at
the Institute of Chemistry of the Academia Siiiica in Beijmg, Cliina with a
Perkin-Ehner 7 Model thennal analysis system with a heatmg rate of 20.0
oC/mm mider nitrogen protection. The absolute weight-average molecular
weiglits of polyamide esters and acids were detennined in DMF solution at
25 OC with a DLS-700 model dynamic liglit scattering photometer and a RMlOZ model differential refractometer as the detector at the National Center of
Standard Substances m Beijing, Cliuia.
Svnthesis of Dianmio Monomers
Preparation of 5>'/w-di(iiitrobenzo)16-crown-5-oxyacetic acid (75)
To a stirred suspension of 5.00 g (12.35 mmol) of 5yw-dibellzo-16crown-5-oxyacetic acid (42) in 40 ml of glacial acetic acid-cliloroform (1:1),
a solution of 7.5 ml of concentrated nitric acid and 2.5 ml of water was added
dropwise with an addition fiumel at room temperatme. The reaction mixtme
was stirred for 2 horns and was pomed into vigorously stirred water (2000
ml) at 80 OC in hood to evaporate the chloroform. A fine yellow solid was
fonned in the aqueous solution. The yellow solid was fihered and washed on
a sintered glass fiumel with water (5x200 ml) and an ethanol-water (1:4)
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mixture (3x200 ml) and dried in a vacumn oven at 80 oC to afford 6.00 g
(99%) of yellow solid product with a mp of 153-158 oc. IR (KBr): 3340
(CO2H), 1735 (C=0), 1518 and 1341 (NO2), 867 (C-N) cm-l. I R NMR
(DMS0-d6): 5 3.70-4.50 (m, 15H), 7.17-7.25 (m, 2H), 7.70-8.05 (m, 4H).
Elemental analysis. Calculated for C21H22O12N2: C, 51.02; H, 4.49. Fomid:
C, 50.96; H, 4.48.
Preparation of 5y/w-(propyl)di(iiitrobeiizo)16-crown-5-oxyacetic acid (76)
To a stirred suspension solution of 8.89 g (19.9 mmol) of sym(propyl)dibeiizo-16-crown-5-oxyacefic acid (43) in 80 ml of glacial acetic
acid-cliloroform (1:1), a solution of 13.5 ml of concentrated nitric acid and
4.5 ml of water was added dropwise with an addition fiinnel at room
temperatme. The reaction mixtme was stined at room temperatme for about 2
horns, pomed mto 300 ml of water and extracted by dichloromethane (2x150
ml). The combined dicliloromethane extracts were washed with water (6x100
ml), dried with MgS04 and evaporated to afford 10.56 g (99%) of yellow
solid with a mp of 83-89 oc. IR (deposit from CDCI3 solution onto a NaCl
plate): 3412 (CO2H), 1735 (C=0), 1516 and 1341 (NO2), 867 (C-N) cm-l.
1 H NMR (CDCI3): 5 1.00-1.20 (m, 3H), 1.40-1.70 (m, 2H), 1.85-2.10 (m,
2H), 3.80-4.90 (m, 14H), 6.80-7.05 (m, 2H), 7.65-8.10 (m, 4H). Elemental
analysis. Calculated for C24H28O12N2: C, 53.73; H, 5.26; N, 5.22. Found:
C, 53.54; H: 5.27; N: 5.10.
Preparation of 5>'m-di(aiimiobenzo)-16crowii-5-oxyacetyl hydrazide (77).
5vm-Di(iiitrobeiizo)-16-crowii-5-oxyacetic acid (10.00 g, 20.2 mmol),
10% Pd/C (1.00 g) and 60 ml of anliydrous hydrazme were added to 300 ml
155

of 95% ethanol. The mixtme was refluxed for 24 horns and filtered tlu-ough
Cehte in a smtered glass fiumel. The filtrate was concentrated in vacuo to
about 30-50 ml and placed in a refiigerator oveniiglit to afford a white solid.
The wliite solid was filtered and washed in a sintered glass fiumel with cold
etiianol (5x50 ml) and diethyl ether (2x50 ml). After bemg dried m a vacumn
oven at 60 oc, 7.81 g (86%) of product with a mp of 178-190 oc was
obtained. IR (KBr): 3370, 3290 and 3180 (NH2 and NHNH2), 1680 (C=0),
1616 (N-H and C-N m hydrazide) cm-l. I n NMR (DMS0-d6): 5 3.30-5.40
(m, 21H), 5.90-6.40 (m, 4H), 6.60-6.75 (m, 2H), 8.93 (s, IH). Elemental
analysis. Calculated for C21H28O7N4: C, 56.24; H, 6.29; N, 12.49. Fomid:
C, 56.02; H, 6.04; N, 11.35.
Preparation of 5';^w-(propyl)di(aiimiobeiizo)16-crowii-5-oxyacetyl hydrazide (78)
5ym-(Propyl)di(iiitrobenzo)-16-crowii-5-oxyacetic acid (5.00 g, 9.32
mmol), 10% Pd/C (0.60 g) and 25 ml of anliydrous hydrazine were added to
150 ml of 95% ethanol. The reaction mixtme was refluxed for 36 horns and
filtered through Cehte in a sintered glass fiinnel. After removal of the ethanol
in vacuo, 200 ml of brine was added to the residue. The brine solution then
was extracted with dicliloromethane (3x100 ml) and dried over sodimn
carbonate. The dicliloromethane solution was evaporated in vacuo and the
residue was dried m a vacuum oven at 60 oc to give 3.88 g (85%) of wliite
sohd. The meltmg pomt of tliis product showed a broad range from 45-70 oc.
IR (deposit from CDCI3 solution onto a NaCl plate): 3413, 3334 and 3216
(NH2 and NHNH2), 1668 (C=0), 1614 (N-H and C-N in hydrazide) cm-l.
iH NMR (DMS0-d6): 5 0.85-1.05 (t, 3H), 1.30-1.60 (m, 2H), 1.65-1.90 (m,
2H), 3.65-5.20 (m, 20H), 5.95-7.10 (m, 6H), 8.50-8.65 (t, 3H). Elemental
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analysis. Calculated for C24H34O7N4: C, 58.76; H, 6.99; N, 11.42. Found:
C, 58.22; H, 7.10; N, 11.65.
Preparation of methyl 5';/m-di(animobeiizo)16-crowii-5-oxyacetate (79)
5;^7w-Di(ainuiobeiizo)-16-crowii-5-oxyacetyl hydrazide (3.00 g, 6.69
mmol) and 3.0 ml of concentrated sulfiiric acid were added to 300 ml of dry
methanol. The reaction mixtme was refluxed under nitrogen for 24 hours
tiirougli a Soxlilet extractor with anliydrous MgS04 hiside to remove the
water generated by the reaction. The methanol was evaporated m vacuo and
the residue was dissolved m water and extracted with 100 ml of
dicliloromethane to remove some organic impurity. The aqueous phase was
carefiilly adjusted to pH greater tiian 7 with satmated aqueous NaHC03 and
was

extracted

with

dichloromethane

(4x100

ml).

The

combined

dicliloromethane extracts were washed with brine (100 ml), dried with
sodimn carbonate and filtered. After removal of the solvent in vacuo and
dryuig m a vacumn oven at 60 oc, 2.79 g (93%) of wliite sohd with a mp of
168-170 oc was obtamed. IR (deposit from CDCI3 solution onto a NaCl
plate): 3437, 3356 and 3225 (NH2), 1746 (C=0), 1624 (N-H and C-N) cm'l.
1 H NMR (DMS0-d6): 5 3.60-4.25 (t, 16H), 4.35-4.55 (d, 2H), 4.65-5.00 (br
s, 4H), 6.00-6.40 (m, 4H), 6.60-6.75 (m, 2H). Elemental analysis. Calculated
for C22H28O8N2: C, 58.92; H, 6.29; N, 6.25. Fomid: C, 58.90; H, 6.51; N,
6.32.
Preparation of methyl 57W-(propyl)di(ainuiobenzo)-16-crown-5-oxyacetate (80)
5>'m-(Propyl)di(aiiiinobeiizo)-16-crowii-5-oxyacetyl hydra-zide (3.00 g,
6.12 imnol) and 3.0 ml of concentrated sulfiuic acid were added to 300 ml of
157

dry methanol. The reaction mixture was refluxed under nitrogen for 24 hours
througli a Soxlilet extractor with MgS04 inside to remove the water
generated by the reaction. The methanol solvent was evaporated in vacuo and
tiie residue was dissolved in water and extracted by 100 ml of
dicliloromethane to remove some organic impurity. The aqueous phase was
carefiilly adjusted to pH greater than 7 with satmated aqueous NaHC03
solution and was extracted by dicliloromethane (4x100 ml). The combmed
dichloromethane extracts were washed with brine (100 ml) and dried over
sodium carbonate. After removal of the solvent in vacuo and drying in a
vacumn oven at 60 oc, 2.76 g (92%) of liglit yellow solid product with a mp
range of 57-63 oc was obtained. IR (deposit from CDCI3 solution onto a
NaCl plate): 3433, 3358 and 3221 (NH2), 1753 (C=0), 1621 (N-H and C-N)
cm-l. 1 H NMR (CDCI3): 5 0.92-1.05 (t, 3H), 1.33-1.60 (m, 2H), 1.80-2.10
(m, 2H), 3.40-3.60 (br s, 4H), 3.66 (s, 3H), 3.75-4.85 (m, 14H), 6.10-645 (m,
4H), 6.65-6.85 (m, 2H). Elemental analysis,: Calculated for C25H34O8N2:
C, 61.21; H, 6.99; N, 5.71. Found: C, 60.90; H, 7.02; N, 5.89.
Preparation of 4-[o-inethoxy-/w(p)-iiitrophenoxymetliyl]-5-[o-inethoxy-m(p)-iiitrophenoxy]-3-oxapeiitaiioic acid (81)
To

a

stured

solution

of

4-(o-inethoxyphenoxymetliyl)-5-(o-

metlioxypheiioxy)-3-oxapeiitaiioic acid (5.00 g, 13.8 imnol) m 40 ml of
glacial acetic acid, a solution contaiimig 8.0 ml of concentrated nitric acid and
2.0 ml of water was added dropwise at room temperatme. The reaction
mixture was stirred for 2 horns at room temperatme and pomed into 1000 ml
of vigorously stured boiling water m a hood to remove the clilorofonn. The
fine yellow solid was filtered and washed on a smtered glass filter fiumel with
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water (5x200 ml) and dried m a vacumn oven at 80 oc to afford 6.12 g (99%)
of product with a mp of 184-192 oc. IR (deposit from CDCI3 solution onto a
NaCl plate): 3372 (CO2H), 1768 (C=0), 1510 and 1341 (NO2), 867 (C-N)
cm-l. 1 H NMR (DMS0-d6): 5 3.80-4.00 (m, 6H), 4.15-4.50 (m, 5H), 7.107.35 (m, 2H), 7.70-8.00 (m, 4H). Elemental analysis. Calculated for
C19H20O11N2: C, 50.45; H, 4.46; N, 6.19. Found: C, 50.29; H, 4.45; N,
6.40.
Preparation of 4-[o-methoxy-m(p)-aniiiiophenoxyinetliyl]-5-[o-inetli-oxy-/w(/?)-amiiiophenoxy]-3-oxapentanoyl hydrazide (82)
Sequentially

4-[o-methoxy-w(/7)-iiitrophenoxymethyl]-5-[o-methoxy-

w(p)-nitroplieiioxy]-3-oxapeiitanoic acid (4.80 g, 10.6 mmol), 10% Pd/C
(0.60 g) and 25 ml of anliydrous hydrazine were added to 150 ml of 95%
ethanol. The reaction mixtme was refluxed for 36 horns and was filtered
througli Celite m a sintered glass funnel. After removal of the ethanol in
vacuo, 200 ml of brine was added to the residue. The brine solution was
extracted with dicliloromethane (3x100 ml) and dried over sodium carbonate.
The dichloromethane solution was evaporated m vacuo to afford 3.71 g
(86%) of wliite solid. The melting point for this product had a very broad
range of 45-70 oc. IR (deposit from CDCI3 solution onto a NaCl plate):
3413, 3340 and 3218 (NH2 and NHNH2), 1669 (C=0), 1620 (N-H and C-N
in hydrazide) cm-l. I R NMR (CDCI3): 5 3.30-4.25(m, 17H), 4.33 (s, 2H),
6.05-6.45 (m, 4H), 6.60-6.85 (m, 2H), 8.60-8.95 (t, IH). Elemental analysis.
Calculated for C19H26O6N4: C, 56.15; H, 6.45; N, 13.79. Found: C, 56.04;
H, 6.35; N, 13.78.
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Preparation of methyl 4-[o-inethoxy-w(p)aminopheiioxyinetliyl]-5-[o-inetiioxy-m(p)amuiopheiioxy]-3-oxapeiitaiioate (83)
Sequentially 4-[o-metlioxy-/w(p)-ainuiophenoxymetliyl]-5-[o-inethoxym(p)-ammoplieiioxy]-3-oxapeiitaiioyl hydrazide (87) (3.05 g, 7.50 imnol) and
3.0 ml of concentrated sulfiuic acid were added to 300 ml of dry methanol.
The reaction mixture was refluxed mider nitrogen for 24 hours tlirougli a
Soxhlet extractor with MgS04 uiside to remove the water generated by the
reaction. Tlie methanol was removed in vacuo and the residue was dissolved
m water. The solution was extracted with 100 ml of dicliloromethane to
remove some organic impurity. The aqueous phase was adjusted to pH
greater than 7 with satmated aqueous NaHC03 solution and was extracted
with dicliloromethane (4x100 ml). The combmed dichloromethane extracts
were washed with brme (100 ml) and dried over sodium carbonate. After
removal of the solvent in vacuo and dryuig in a vacumn oven at 60 oc, 2.83 g
(93%) of hglit yellow semi-sohd product was obtamed. IR (deposit from
CDCI3 solution onto a NaCl plate): 3432, 3359 and 3226 (NH2), 1750,
(C=0), 1624 (N-H and C-N) cm-l. I R NMR (CDCI3): 5 3.25-3.55 (br. s,
4H), 3.72 (s, 3H), 3.74-3.79 (m, 6H), 4.05-4.40 (m, 5H), 4.49 (s, 2H), 6.106.50 (m, 4H), 6.60-6-90 (m, 2H). Elemental analysis. Calculated for
C20H26O7N2: C, 59.10; H, 6.45; N, 6.89. Fomid: C, 59.14; H, 6.48; N,
6.89.
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Svnthesis of Polvamide Esters
General procedme for polymerization
To about 3.0 g of the di(aminobenzo) polyether monomer 79, 80 or 83
dissolved in 30 ml of dry NMP solution under dry nitrogen, the same molar
amount of isophthaloyl cliloride, glutaryl dicliloride, diglycolyl cliloride,
trimellitic anhydride chloride or pyromelhtic dianliydride in 10 ml of dry
NMP was added. The reaction mixtme was stined magnetically at room
temperatme for about 2 horns and became very viscous. The polymers were
precipitated by pouring the reaction solution into vigorously stured methanol
(400 ml). The precipitate was filtered, dried in a vacumn oven at 80 oc,
dissolved m 30 ml of DMF and precipitated again from 400 ml of methanol.
The polymer was dried m a vacuum oven at 90 oc for 1 day. Yields of
polymers from the condensation polymerizations were over 95%. The
polymer samples for characterization by IR and NMR spectroscopy and by
elemental analysis were dried in a vacumn oven at 90 oc for an additional 2
days.
Poly [(methyl 5^yw-dibeiizo-16-crowii-5oxyacetate)ainido-isophthaloyl-amido] (84)
IR (deposit from DMF solution onto a NaCl plate): 3254 (N-H), 1748
(C=0 of ester), 1667 (C=0 of amide) cm-l. I R NMR (DMS0-d6): 5 3.604.60 (m, 18H), 6.90-7.10 (d, 2H), 7.25-7.75 (m, 5H), 8.05-8.25 (d, 2H), 8.52
(s, IH), 10.25-10.45 (d, 2H). 13c NMR (DMS0-d6): 6 170.9, 164.7, 149.7,
147.4, 146.1, 144.0, 135.2, 134.4, 132.5, 130.4, 128.6, 126.8, 118.3, 114.5,
113.2, 112.5, 106.2, 77.3, 71.3, 70.7, 68.6, 67.3 and 51.5. Elemental
analysis. Calculated for C30H30O10N2: C, 62.28; H, 5.23; N, 4.84. Fomid:
C, 62.03; H, 5.29; N, 4.62.
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Poly [(methyl ^^m-dibenzo-16-crown-5oxyacetate)aiiiido-glutaryl-aiiiido] (85)
IR (deposit from DMF solution onto a NaCl plate): 3312 (N-H), 1749
(C=0 of ester), 1662 (C=0 of amide) cm-l. I R NMR (DMS0-d6): 5 1.752.15 (m, 2H), 2.20-2.45 (m, 4H), 3.65-4.60 (m, 18H), 6.80-7.20 (m, 4H),
7.36(s, 2H), 9.70-10.00 (d, 2H). Elemental analysis. Calculated for
C27H32O10N2: C, 59.55; H, 5.92; N, 5.14. Found: C, 59.16; H, 5.97; N,
5.38.
Poly [(methyl sym-dihonzo-16-crowii-5oxyacetate)amido-diglycolyl-amido] (86)
IR (deposit from DMF solution onto a NaCl plate): 3266 (N-H), 1750
(C=0 of ester), 1680 (C=0 of amide) cm'l. 1H NMR (DMS0-d6): 5 3.604-70 (m, 22H), 6.80-7.60 (m, 6H), 9.85-10.05 (d, 2H). Elemental analysis.
Calculated for C26H30O11N2: C, 57.14; H, 5.53; N, 5.13. Fomid: C, 56.87;
H, 5.51; N, 5.39.
Poly [(methyl 5>'/?7-dibenzo-16-crown-5-oxyacetate)amido-trimellitic acid-amido] (87)
IR (deposit from DMF solution onto a NaCl plate): 3800-2600 (N-H
and CO2H), 1726 (C=0 of ester and acid), 1667 (C=0 in amide) cm-l. I R
NMR (DMS0-d6): 5 3.60-4.60 (m, 18H), 6.80-8.65 (m, 9H), 10.38 (br, 2H).
Elemental analysis: Calculated for C31H30O12N2: C, 59.81; H, 4.86; N,
4.50. Found: C, 60.01; H, 4.74; N, 4.59.
Poly [(metiiyl sym-dibcnzo-16-crowii-5-oxyacetate)aniido-pyromellitic acid-amido] (88)
IR (deposit from DMF solution onto a NaCl plate): 3800-2600 (N-H
and CO2H), 1727 (C=0 of ester and acid), 1672 (C=0 of amide) cm-l. I R
NMR (DMSO-d6): 5 3.65-4.65 (m, 18H), 6.90-8.440 (m, 8H), 10.35-10.65
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(t, 2H). Elemental analysis. Calculated for C32H30O14N2: C, 57.66; H,
4.54; N, 4.20. Found: C, 57.89; H, 4.50; N, 4.31.
Poly {[methyl 5y/w-(propyl)dibeiizo-16-crowii5-oxyacetate]amido-isophthaloy 1-amido} (89)
IR (deposit from DMF solution onto a NaCl plate): 3259 (N-H), 1743
(C=0 of ester), 1666 (C=0 of amide) cm-l. I R N M R (DMS0-d6): 6 0.851.07 (t, 3H), 1.30-1.65 (m, 2H), 1.65-1.95 (m, 2H), 3.57 (s, 3H), 3.65-4.70
(m, 14H), 6.85-7.05 (m, 2H), 7.20-7.80 (m, 5H), 8.05-8.20 (d, 2H), 8.51 (s,
IH), 10.20-10.45 (d, 2H). l^C NMR (DMS0-d6): 5 170.9, 164.6149.6,
147.2, 146.1, 143.8, 135.1, 134.3, 132.5, 130.5, 128.6, 126.7, 120.4, 117.6,
114.3, 112.7, 110.4, 109.9, 105.9, 79.6, 71.7, 68.9, 67.3, 62.1, 51.2, 35.2,
16.2,and 14.8. Elemental analysis. Calculated for C33H36O10N2: C, 63.86;
H, 5.85; N, 4.51. Fomid: C, 63.44; H, 6.03; N, 4.49.
Poly {[methyl 5>'w-(propyl)dibenzo-16-crown5-oxyacetate] amido-glutaryl-amido} (90)
IR (deposit from DMF solution onto a NaCl plate): 3309 (N-H), 1742
(C=0 of ester), 1670 (C=0 of amide) cm-l. I R N M R (DMS0-d6): 5 0.851.07 (t, 3H), 1.30-1.65 (m, 2H), 1.65-1.95 (m, 2H), 2.15-2.45 (m, 4H), 3.56
(s, 3H), 3.65-4.70 (m, 14H), 6.70-7.45(in, 6H), 9.70-10.00 (d, 2H). Elemental
analysis. Calculated for C30H38O10N2: C, 61.42; H, 6.53; N, 4.78. Found:
C, 61.64; H, 6.32; N, 4.87.
Poly {[methyl 5yw-(propyl)dibeiizo-16-crowii5-oxyacetate]aniido-diglycolyl-amido} (91)
IR (deposit from DMF solution onto a NaCl plate): 3276 (N-H), 1751
(C=0 of ester), 1682 (C=0 of amide) cm'l. 1H NMR (DMS0-d6): 5 0.851.07 (t, 3H), 1.30-1.65 (m, 2H), 1.65-1.95 (m, 2H), 3.55 (s, 3H), 3.65-4.70
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(m, 18H), 6.70-7.45(m, 6H), 9.80-10.05 (d, 2H). Elemental analysis.
Calculated for C29H36O11N2: C, 59.18; H, 6.17; N, 4.76. Fomid: C, 59.47;
H, 5.99; N, 4.81.
Poly {[methyl 5>^m-(propyl)dibeiizo-16-crown-5oxyacetate]amido-trimellitic acid-amido} (92)
IR (deposit from DMF solution onto a NaCl plate): 3800-2600 (N-H
and CO2H), 1722 (C=0 of ester and acid), 1667 (C=0 of amide) cm-l. I R
NMR (DMS0-d6): 5 0.85-1.07 (t, 3H), 1.30-1.65 (m, 2H), 1.65-1.95 (m,
2H), 3.58 (s, 3H), 3.65-4.80 (m, 14H), 6.80-8.60(m, 9H), 10.25-10.60 (t,
2H). Elemental analysis. Calculated for C34H36O12N2: C, 61.44; H, 5.16;
N, 4.21. Fomid: C, 61.69; H: 5.29; N, 4.39.
Poly {[methyl 5>'m-(propyl)dibenzo-16-crowii-5oxyacetate]amido-pyromellitic acid-amido} (93)
IR (deposit from DMF solution onto a NaCl plate): 3800-2600 (N-H
and CO2H), 1726 (C=0 of ester and acid), 1671 (C=0 of amide) cm-l. I R
NMR (DMS0-d6): 5 0.85-1.07 (t, 3H), 1.30-1.65 (m, 2H), 1.65-1.95 (m,
2H), 3.57 (s, 3H), 3.65-4.80 (m, 14H), 6.80-8.40 (m, 8H), 10.25-10.75 (t,
2H). Elemental analysis. Calculated for C35H36O14N2: C, 59.32; H, 5.12;
N, 3.95. Fomid: C, 59.12; H, 5.04; N, 4.24.
Poly {[methyl 4-(o-methoxyphenoxymethyl)5-(o-metiioxyplienoxy)-3-oxapeiitaiioate]ainidoisophthaloyl-amido} (94)
IR (deposit from DMF solution onto a NaCl plate): 3319 (N-H), 1743
(C=0 of ester), 1654 (C=0 of amide) cm-l. I R N M R (DMS0-d6): 5 3.64 (s,
3H), 3.70-3.90 (m, 6H), 4.10-4.60 (m, 7H), 6.95-7.15 (t, 2H), 7.25-7.90 (m,
5H), 8.05-8.25 (d, 2H), 8.54 (s, IH), 10.31 (s, 2H). 13c NMR (DMS0-d6): 5
170.3, 164.6, 148.9, 147.5, 145.5, 144.2, 135.2, 133.2, 132.6, 130.4, 128.6,
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126.8, 113.9, 113.0, 112.4, 107.0, 105.6, 76.6, 66.8, 66.4, 67.5, 55.9 55.5
and 51.2. Elemental analysis: Calculated for C28H28O9N2, C, 62.68; H,
5.26; N, 5.22. Found: C, 62.36; H, 5.36; N, 5.42.
Poly {[methyl 4-(o-metlioxyphenoxymetliyl)5-(o-methoxyphenoxy)-3-oxapentanoate]amidotrimelhtic acid-amido} (95)
IR (deposit from DMF solution onto a NaCl plate): 3319 (N-H), 1721
(C=0 of ester and acid), 1671 (C=0 of amide) cm-l. I R N M R (DMS0-d6):
5 3.60-4.60 (m, 16H), 6.90-8.60 (t, 9H), 10.50 (s, 2H).
Svnthesis of Polvamide Acids
General procedme for hydrolysis
A powder or membrane sample of polyamide esters 84, 85, 89, 90, 93
or 94 (typicaUy 1.00 g) was added to 20 ml of 1.0 N aqueous NaOH. The
mixtme was stirred m a 60 oc oil bath for 24 horns (3 horns for 93). The
polymer was filtered, washed on a sintered glass fiumel with O.IN HCl
solution several times and dried m a vacumn oven at 90 oc for 1 day. The
yield of tliis hydrolysis reaction was quantitative. The polyamide acid samples
for characterization by IR and NMR spectroscopy and by elemental analysis
were dried m a vacumn oven at 90 oc for an additional 2 days.
?o\y[(sym-dibQnzo-16-crowii-5-oxyacetic
acid)amido-isophthaloyl-amido] (96)
IR (deposit from DMF solution onto a NaCl plate): 3244 (N-H and OH), 1734 (C=0 of acid), 1663 (C=0 of amide) cm-l. I R N M R (DMS0-d6):
5 3.65-4.60 (m, 15H), 6.90-7.10 (d, 2H), 7.25-7.75 (m, 5H), 8.05-8.25 (d,
2H), 8.61 (s, IH), 10.30-10.55 (d, 2H). l^C NMR (DMS0-d6): 5 171.4,
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164.2, 149.2, 146.9, 145.5, 143.5, 134.5, 134.0, 132.0, 128.1, 126.3, 116.0,
113.6, 112.6, 112.0, 105.6, 76.5, 71.3, 71.0, 70.2, 68.1 and 66.9. Elemental
analysis. Calculated for C29H28O10N2: C, 61.70; H; 5.00; N, 4.96. Found:
C, 61.23; H, 5.03; N, 4.91.
Poly[(5>'m-dibenzo-16-crown-5-oxyacetic
acid)aniido-glutaryl-ainido] (97)
IR (deposit from DMF solution onto a NaCl plate): 3277 (N-H and OH), 1734 (C=0 of acid), 1664 (C=0 of amide) cm-l. I R N M R (DMS0-d6):
5 1.75-2.10 (m, 2H), 2.15-2.45 (m, 4H), 3.75-4.50 (m, 15H), 6.80-7.20 (m,
4H), 7.35 (s, 2H), 9.70-9.95 (d, 2H). Elemental analysis. Calculated for
C26H30O10N2: C, 58.86; H, 5.70; N, 5.28. Found: C, 58.27; H, 5.79; N,
5.26.
Poly {[57/w-(propyl)dibeiizo-16-crowii-5-oxyacetic acid]amido-isoplitiia loyl-amido} (98)
IR (deposit from DMF solution onto a NaCl plate): 3270 (N-H and OH), 1732 (C=0 of acid), 1666 (C=0 of amide) cm-l. I R N M R (DMS0-d6):
5 0.85-1.10 (t, 3H), 1.30-1.65 (m, 2H), 1.65-1.95 (m, 2H), 3.65-4.70 (m,
14H), 6.85-7.05 (m, 2H), 7.20-7.80 (m, 5H), 8.05-8.20 (d, 2H), 8.55 (s, IH),
10.20-10.45 (d, 2H). 13c NMR (DMS0-d6): 5 172.3, 164.6, 149.8, 147.4,
146.2, 144.0, 135.2, 134.3, 132.5, 130.5, 128.7, 126.8, 118.0, 117.4, 114.2,
112.9, 112.5, 110.6, 110.1, 106.0, 78.5, 72.0, 71.6, 67.0, 67.5, 67.2, 61.8,
34.9, 16.1 and 14.8. Elemental analysis. Calculated for C32H34O10N2: C,
63.36; H, 5.65; N, 4.62. Fomid: C, 63.31; H, 5.66; N, 4.67.
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Poly {[57/w-(propyl)dibeiizo-l 6-crown-5-oxyacetic acid]amido-glutaryl-amido} (99)
IR (deposit from DMF solution onto a NaCl plate): 3302 (N-H and OH), 1736 (C=0 of acid), 1667 (C=0 of amide) cm'l. 1H NMR (DMS0-d6):
5 0.85-1.10 (t, 3H), 1.30-1.65 (m, 2H), 1.65-1.95 (m, 2H), 2.15-2.45 (m, 4H),
3.65-4.60 (m, 14H), 6.70-7.45(in, 6H), 9.70-10.00 (d, 2H). Elemental
analysis. Calculated for C29H36O10N2: C, 60.83; H, 6.34; N, 4.89. Found:
C, 59.95; H, 6.19; N, 4.92.
Poly {[4-(o-methoxypheiioxyinetliyl)-5(6>-methoxyphenoxy)-3-oxapeii-tanoic
acid] amido-isophthaloyl-amido} (101)
IR (deposit from DMF solution onto a NaCl plate): 3309 (N-H and OH), 1736 (C=0 of acid), 1661 (C=0 of amide) cm-l. I R N M R (DMS0-d6):
5 3.70-3.90 (m, 6H), 4.10-4.50 (m, 7H), 6.95-7.15 (t, 2H), 7.25-7.90 (m, 5H),
8.05-8.25 (d, 2H), 8.54 (s, IH), 10.31 (s, 2H). l^C NMR (DMS0-d6): 5
171.9, 164.7, 148.9, 147.6, 145.5, 144.3, 135.3, 133.2, 130.1, 128.6, 126.8,
114.0, 113.0, 112.4, 107.0, 105.7, 76.4, 66.8, 68.5, 67.4, 56.0 and 55.6.
Elemental analysis. Calculated for C27H26O9N2: C, 62.07; H, 5.02; N, 5.36.
Found: C, 61.85; H, 5.09; N, 5.58.
Aikali-Metal Cation Sorption
bv Polvamide Acids 96 and 98
An aqueous solution (5.00 ml) of LiOH, NaCl, KCl, RbCl, and CsCl
(0.10 M m each, pH about 12.8) and 40.0 mg of the polyamide acid (96 or
98) powder were shaken for 2 horns in a 30-nil pear-shaped flask at room
temperatme with a Bunell wrist-action shaker. The aqueous phase was
filtered with a smtered glass fiinnel and the resm was washed with 100 ml of
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deionized water and dried in an oven at 100 oc for one day. Of the dried
resin, a 20.0 mg portion of sample was shaken with 5.00 ml of 0.10 M HCl
solution for one horn to strip the alkali-metal cations from the resin mto an
aqueous acidic solution, which was analyzed with a Dionex ion
chromatograph after a 20-fold dilution with deionized water.
Proton-Driven Alkali-Metal Cation Transport
Tlirougli a Polvamide Acid Membrane
The dibenzo polyether-contauiuig polyamide acid membranes were
made from 0.20 g/ml DMF solutions of polymer 96 or polymer mixtme 96:98
(1:1). The polymer DMF solution was cast on a flat and well-cleaned glass
plate and was allowed to stand in an oven at 80 oc for about 2-3 horns to
evaporate the solvent slowly. The glass plate was soaked in distilled water to
peel off the resultant membrane. The membranes, with tliickness of about 5
jim, were generally transparent and mechanically strong.
A glass transport ceU, separated into two compartments by a polyamide
membranes (Figme 4.8), was employed for the proton-driven transport
experiments. The membrane was conditioned in distilled water for two homs.
After blottmg off the external water with a filter paper, the conditioned
membrane was fixed tiglitly into the glass cell using a silicone 0-riiig and
clamps. The area of the exposed membrane was about 3 cm^. Phase 1 was a
solution of alkali-metal hydroxides (2.00x10-3 M UI each of LiOH, NaOH,
KOH, RbOH and CsOH). Phase 2 was the same volmne of solution of alkalimetal clilorides and hydrocliloric acid (2.00x10-3 M in each of LiCl, NaCl,
KCl, RbCl and CsCl, l.OxlO-2 M for HCl). The transport experiment was
conducted at room temperatme of 24 oc. The two aqueous phases were
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stined mechanically at a rate of 200 rpm during the cation transport. Aliquots
(0.50 ml) of the aqueous solution were periodically removed from each phase
with a syringe and diluted 20-fold with deionized water. The alkali-metal
cation

concentrations

m

tliis

solution

cliromatography.
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