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Interactions of Ions and Ion Pairs with 
Crown Ethers and Their Polymers 

S. KOPOLOW, 2. MACHACEK,* U. TAKAKI, and J. SMLDf 

Chemistry Department 
State University of New York 
College of Environmental Science and Forestry 
Syracuse, New York 13210 

A B S T R A C T  

The interactions of ions and ion pairs with crown ethers  
( macrocyclic polyethers) and their  vinyl polymers were 
studied in aqueous and nonaqueous media by using optical 
spectroscopy, distribution equilibria, conductance, and vis- 
cosity. The polymers, poly( vinylbenzo- 15-crown- 5) and 
poly (vinylbenzo- lbcrown-6),  were found to be considerably 
more efficient than their monomeric analogs in binding 
those cations which have diameters larger  than that of the 
crown cavity and which tend to form 2:l crown-cation com- 
plexes. The stoichiometries of the complexes were determined 
by spectroscopy for fluorenyl ion pair salts in ethereal solvents 
and by conductance for inorganic salts in solvents such as 
acetone. The viscosity behavior of the polymers in the presence 
of salts resembles that of polyelectrolytes, with the reduced 
viscosity being strongly enhanced at low polymer-salt 
concentrations. 
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INTRODUCTION 

KOPOLOW ET AL. 

The cation binding properties of macrocyclic polyethers o r  crown 
ethers have been under active investigation for several years  [ 1- 151. 
Many crystalline stoichiometric crown complexes of inorganic and 
organic salts have been isolated [ 1, 21. The formation of complexes 
also frequently enhances the solubility of the salts in organic solvents. 
Addition of crown ethers to salt solutions often results in a strong 
increase in the anion reactivity (31, although it sometimes inhibits 
the reaction [ 41, depending on the role that the cation plays in the re- 
action mechanism. Another interesting feature is the ability of many 
crown ethers to promote ion transport across biological membranes 
by acting as ion carriers, similar to such antibiotics as monactin [ 51. 

Several techniques, e.g., calorimetry [ 61, potentiometry [ 71, 
optical spectroscopy [ 81, proton and alkali NMR [ 8a, 91, IR spectros- 
copy [lo], distribution equilibria [ 1, 5, 111, and conductance [ 123, 
have been utilized to study properties of crown ethers such as their 
selectivities in binding cations. Most cation-crown complexes in 
solution exhibit 1:l stoichiometry, but 2: 1 crown to cation ratios have 
also frequently been observed. This prompted u s  to prepare 
poly( vinylbenzo ,crown ethers) [ 131 and to compare their binding 
efficiencies and selectivities with those of the monomeric analogs. 

This paper deals mainly with spectrophotometric measurements 
on ion pair  equilibria in ethereal solvents in the presence of crown 
ethers and their polymers, and with data of crown/salt systems ob- 
tained from distribution equilibria, conductance, and viscosity studies. 

E X P E R I M E N T A L  

Preparation of the crown ethers used in this investigation h a s  been 
described elsewhere [ 1, 8b]. The synthesis of the vinyl crown ethers 
and their conversion to high molecular weight polymers by radical 
and anionic polymerization has been published [ 141. Experimental 
details relating to the extraction procedure have also been reported 
[ 1, 111. The spectrophotometric techniques, in which the air- and 
moisture-sensitive fluorenyl carbanions are used as a probe to study 
the cation-crown interactions, have recently been described [ 8b, 151. 

R E S U L T S  A N D  DISCUSSION 

S p e c t r o s c o p i c  M e a s u r e m e n t s  o n  Ion  P a i r  I n t e r a c t i o n s  
w i t h  C r o w n  E t h e r s  a n d  T h e i r  P o l y m e r s  

Before discussing the poly( vinylbenzo crown ethers) it is illuminating 
to consider the results obtained in studies of ion pair  interactions with 
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CROWN ETHERS 1017 

the monomeric crown ethers. The three crown ethers  and the two 
polymers most frequently used in our studies are 

t I 
C.c/O\c/ 

DB-18C6 (I)  15C5, n = 3 (II) 
18C6, n = 4 (In) 

P15C5, n = 3 (N) 
P18C6, n =' 4 (V)  

where I = dimethyldibenzo-18-crown-6, II = 4' -methylbenzo- 15-crown-5, 
III = 4' -methylbenzo-18-crow-6, IV = poly(viny1benzo-15-crown-5) and 
V = poly( vinylbenzo- 18-crown-6). 

Ionic species associate to ion pairs in low dielectric constant 
media  At least two kinds of ion pair can often be found as chemically 
distinct species, a contact o r  tight ion pair and a solvent separated 
o r  loose ion pair. In the case of fluorenyl salts the two kinds of ion 
pair have distinctly different absorption maxima, and their  fractions 
can be quantitatively determined [IS]. The studies demonstrate a 
strong dependence of the ion pair  equilibrium on the nature of the 
cation, the temperature, and the solvent. 

complex formation occurs, as is evident from the observed optical 
changes. In systems where only 1:l crown-ion pair complexes are 
formed, at least two isomeric complexes can be found, i.e., a crown 
complexed tight ion pair and a crown separated ion pair [ 8b J ,  

When crown ethers are added to fluorenyl salts in ethereal solvents, 

F-,M' + C r  == F-,M*,Cr 
F-,M' + C r  = F-,Cr,M' 

F-,M', Cr = F-,Cr,M' 
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1018 KOPOLOW E T  AL. 

where Cr  denotes a crown molecule, and F' represents  the fluorenyl 
carbanion, Hence a constant ratio of the two ion pair  complexes is 
obtained at high crown concentrations. This behavior is depicted in 
Fig. 1 for a few systems. The constant K, decreases  on changing to  

FIG. 1. Plot of the ratio R (=  Ki*) of separated over tight ion 
pairs  in mixtures of fluorenyl salts and crown ethers. 

less polar solvents. Actually, the equilibrium between the two isomeric 
complexes is better described by 

F',M',Cr + nS 1;: F-,Cr,M',Sn 

indicating that a few solvent molecules S are likely to interact with the 
cation as it protrudes from the crown cavity in the crown separated ion 
pair. Therefore, polar solvents such as THF favor the latter species. 
For example, the 15CS-F',Na' complex is predominantly a loose ion 
pair  in THF, but in diethylether the spectrum of the complex resembles  
that of a tight ion pair. The size of the cation relative to that of the 
crown cavity is important in  this respect. For  example, 18C6 and 
DB-18C6 only form loose ion p a i r s  with F-,Na' in tetrahydropyran, but 
15C5, which can barely accommodate the Na' ion, forms predominantly 
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CROWN ETHERS 1019 

tight ion pair complexes with F-,Na' in this solvent [ 8b]. The anion, 
of course, also is of importance. Anions with less delocalized 
charges (e.g., alkoxides) are more difficult to separate and a tight 
ion pair  complex is more favored. Some of the values of the different 
complexation constants are listed in Table 1. 

A different behavior is observed in the system F',K'-15C5 (,see 
Fig. 1). Careful analysis of the data shows that, in addition to the two 
isomeric 1:l complexes, a 2:l crown separated ion pair is formed 
which has also been isolated in the solid state [ 8b 1. 

F-,K',C5 + C5 = F',C5,Ki,C5 K3 

The 2:l crown cation complexes are particularly prevalent in systems 
where the cation is larger  than the crown cavity, such as 15C5 with 
K', Rb', Cs', Baa', and NH,' or 18C6 with Cs'. They are also found 
in solutions of free ions such as in methanol [ 71. 

and again different kinds of ion pa i r  complexes are found. For  example, 
Baa', Fa2' in THF (a  tight ion pair)  forms a 1:l complex with 18C6 
and with DB-18C6. The optical spectra  are identical to  that of a mix- 
ture  of equal fractions of tight and crown separated ion pairs. Addition 
of more than the equivalent amount of crown does not alter the spectrum. 
Species of the type F',Ba' +,Cr,F- are apparently formed, and the Ba' ' 
may or may not oscillate between the two fluorenyl rings by passing 
through the crown cavity. Asymmetrically solvated species of this 
type have also been detected in other systems, e.g, in THF solutions 
of SrZ ' ,FZZ-a t  low temperature [ lf]. 

When 15C5 is added to Ba2+,F, - the tight ion pair absorption peak 
disappears and only the crown separated ion pair peak (Am 373 nm) re- 
mains, as the ratio 15C5/BaZ ' become; larger  than 2. The data show 
that a 2:l complex is formed: Baa *,F2 - + 2C5 == F',C5,BaZ +,C5,F', the 
equilibrium constant being 1.6 X 10' g-' [ 191. 
' Cation selectivities of crown ethers have been reported by a number 
of investigators. In water and methanol the dicyclohexyl- 18-crown-6 
has a selectivity order  K' > Rb: > Cs' > Na' > Li' [ 6a, 71. This 
order  is expected to depend on the solvent medium, as solvent molecules 
are competing with the crown for the cation. For  example, one finds 
spectrophotometrically that on addition of an equivalent amount of 
F',Na' to the Fa,DB-18C6,K+ complex, the crown molecule is trans- 
ferred to F-,NaC, at least when THF is the solvent. In the more basic 
oxetane, the crown remains around the K' ion. In t h i s  latter solvent, 
fluorenyl sodium is a loose ion pair compared to a tight ion pa i r  in THF. 

Ion pair interactions of poly crown ethers with fluorenyl salts can be 
studied spectrophotometrically in the same manner as described for the 
monomeric crown ethers. Concentrations must be kept low to prevent 

Divalent carbanion salts also form stable crown complexes [ 171 
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CROWN ETHERS 1021 

precipitation of the charged polymers in the low dielectric constant 
media. Titrations are carried out under vacuum by adding a fluorenyl- 
crown solution from a buret to a fluorenyl solution of approximately 
the same concentration but containing no crown ether [ 8b, 151. The 
conversion of tight to crown separated ion pa i r s  is followed spectro- 
photometrically. Let n be the number of crown moieties bound to a 
cation, then 

n = [ Cr]  /[ F-,Cr,M'] bound 
and 

Experimentally, one determines the ratio R of crown separated to 
contact ion pairs, i.e., R = [ F-,Cr,M+]/[ F',M']. Combined with the 
above relationships, one finds 

where K is the equilibrium constant of the reaction F',M' + (nCr)  = 
F',nCr,M* (it is implicitly assumed that for n > 1 closely neighboring 
crown moieties are involved in complexing a cation). Hence a plot of the 
ratio of the total crown concentration over R vs the concentration of 
tight ion pairs should yield K and the number of crown units bound per  
cation. The results of a few such experiments are shown in Fig. 2 It 
is interesting to observe that slopes of unity are found for F',Na' with 
both P15C5 and P18C6, but a slope of 2 is found for F',K' with P15C5. 
This is consistent with results obtained for the monomeric crown 
analogs, with F',Na+ forming 1:l complexes with 15C5 and 18C6, 
respectively, while F',K' yields a stable 2:l complex with 15C5. The 
equilibrium constant is approximately 3.5 X 10' M-' for F-,Na'-P15C5 
and > 1 X 10' M-' for F-,Na+-P18CG and F',K+-T15C5. The conditions 
under which thFexperiments were carried out did not permit us to 
establish whether K varies with the number of ion pairs bound per chain. 

Using a slightly different titration procedure, one can add aliquots 
of a fluorenyl salt in THF to a THF solution of crown ether or its 
polymer, each time measuring the absorbance at the Am of the crown 
separated ion pair. If the complex formation constant is high, a sharp 
break is observed at the equivalent point, from which the stoichiometry 
of the complex can be calculated. The data a re  plotted as VAX/.t vs Vt, 

where AX is the measured absorbance at the absorption maximum of 
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1022 KOPOLOW ET AL. 

/ 

4 .i 

0 .d ID w 25 

FIG. 2. Plot of [ Cr],/R vs [ F-,M*Ic in THF at 25' for F',Na'- 
P15C5 ( A ) ,  F',Nat-P18C6 ( a )  and F',Ki-P15C5 [ 0, 1. 

the crown separated fluorenyl ion pair, 1 is the optical cell length, Vt 
the volume of the added titrant, and V = Vt + V,, V, being the initial 
volume of the c r m  ether solution. Such a plot results in two straight 
lines intersecting at the equivalence point [ 151. Some examples in- 
volving barium fluorenyl are shown in Fig. 3, and Table 2 gives the 
stoichiometry of some of the complexes calculated from the equivalence 
point. Again we observe a 1:l stoichiometry for Na' with both P15C5 
and P18C6, and also for K* with P18C6, but a 2 1  crown/cation ratio 
for K* and BaZ* with P15C5. Actually, for the 1:l complexes the 
observed crown/cation ratio is closer to 1.2, which probably means 
that a complete saturation of the polymer chain with cations is 
difficult, possibly due to steric hindrance or cation-cation repulsions 
between the closely packed cation-crown complexes. With 2: 1 
complexes ( K'-P15C5,BaZ'-P15C5) the ratio crown/cation at the 
equivalence point appears to be between 2.3-2.5. Steric hindrance 
and electrostatic repulsion in these systems should be less than in 
the saturated 1:1 systems, and it is therefore more likely that the 
higher ratios are due to a statistical factor. Flory [ 203 has calculated 
that in selecting at random pairs of consecutive substituents of a 
macromolecule with structural units of the type -CH,CHX-, 13.5%of 
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CROWN ETHERS 1023 

401 

201 

0 
20 40 

FIG. 3. Titration of poly( vinylbenzo- 15-crown- 5) and poly( vinyl- 
benzo-18-crown-6) with barium difluorenyl in THF at 25°C. The 
absorbance AX refers to the absorption maximum of the crown 
separated ion pair (Am 373 nm). Vt = volume of Baa+,F,-' added; 

V = total volume; 1 = cell length. 

unpaired substituents will be left. This calculation strictly applies only 
to irreversible reactions [ 201, e. g., the reactions of aldehydes with 
poly (vinyl alcohol). The complexing of cations to poly( vinyl crown 
ethers)  is a reversible process, and the binding sites are continuously 
rearranging. However, ccmplete saturation, i.e., a ratio of crown ether 
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1024 KOPOLOW ET AL. 

TABLE 2. Ratios of Crown to Cation in Crown Complexes of Fluorenyl 
Ion Pairs as determined from Titration Experiments (see Fig. 3). 
Solvent THF, T = 25°C 

Crown ether 

15C5 P15C5 18C6 P18C6 Ion pair 

F-,Na* 1. oa 1.16 1. oa - 
F-,K+ 1.96 2.4 1. oa 1.22 b 

2,3-Benzo-F' ,K' 2.45 
F',Cs+ 2.20 
Ba2',F, * -  2.0 2.20 0.98 -1.4 

aSee Ref. 8b. 
bThis is an average value ( 2.4 f 0.1) from three experiments, using 

different concentrations of F',K+. 

to  cation equal to 2, is difficult to achieve because 'it involves a consider- 
able loss  of entropy. The extent to which this ratio deviates from the sta- 
tistical value of 2.31 will be a function of the complex formation constant. 

D I S T R I B U T I O N  E Q U I L I B R I A  

Pedersen [ 11 developed an extraction procedure which provides a 
means for a quick qualitative comparison of cation binding efficiencies 
of crown ethers. An aqueous solution of a picrate salt (-lo-' M) con- 
taining 0.1 o r  0.01 M base is shaken with an equal volume of anTm- 
miscible organic solvent (CH, C1, ) in which crown ether is dissolved. 
The crown ether solubilizes the picrate salt in the organic solvent, 
and the amount transferred is measured spectrophotometrically. The 
overall heterogeneous reaction describing the salt partition is given 
by 

Ke M + + A - + Cr* t M',Cr,P-* 
aq aq . 

with the added complication that at low picrate concentration the 
complexed ion pairs in the organic phase are partially dissociated [ 71 
(the asterisk refers to  species in the organic phase). The fundamental 
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CROWN ETHERS 1025 

equilibria underlying the overall reaction have been analyzed by 
Eisenman [ 51 and Frensdorff [ 71: 

M + + C r  = M',Craq 

Cr' t 
M',Cr + A  -t M',Cr,A'* 

aq aq 

aq aq 

KS 

'e 
'C 

The overall equilibrium constant Ke is given by Ke = KsPePc. Ob- 
served differences in the K value of various systems may, therefore, 
result from differences in the complex formation constant Ks and/or 
from variations in the partition coefficients Pe and P 

A set of extraction data obtained at 0.01 M base concentration and 
at a crown ether to picrate ratio of 3 is s h o G  in Table 3 ( in  each 
crown-cation system the extractions were performed at five different 
crown to  cation ratios). The results, expressed as percent of total 
picrate salt transferred to the organic phase, demonstrate that the 
polymer is a more effective extracting agent, especially in systems 
which tend to form stable 2:l crown-cation complexes. If it is as- 
sumed that no ion pair dissociation occurs in the organic phase, and ' 

that only 1:l crown-cation complexes are formed, the following ex- 
pression for K can be derived: 

e 

C' 

e 

Ke = a 
a'(1-a)(CrdA,-a)A, 

where a' is the activity of the cation in the aqueous phase, Cr, and A, 
are the total concentrations of crown ether and picric acid, respectively, 
and a denotes the fraction of picrate salt transferred to the organic 
phase. It 'is also assumed in the derivation tha t  Cr* >> Cr + M',Cr 
which certainly holds in the H,0-CH,C12 system. 

represent apparent K values, since dissociation of ion pairs is 
neglected, and a trend of Ke with a (o r  with the ratio C r d A , )  is often 
noticeable. A more detailed account of these experiments, including 
calculation of dissociation constants, has  been published [ 141. 
However, the apparent K values do provide us with a reasonably good 
qualitative comparison of the extraction capabilities of the different 
crown species. 

aq' aq 

The calculated Ke values are collected in Table 4. They actually 

e 

e 
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1026 KOPOLOW ET AL. 

TABLE 3. Complexation of Cations to Poly(viny1benzo-15-crown-5 ) 
and Poly( vinylbenzo-18-crown-6) as Compared to Their Monomeric 
Analogsa 

Percent picrate salt extractedb 

Cation 15C5 P15C5' 18C6 P18C6' 

Li' < 1  3.0 <1 2.0 
Na' 1.6 9.5 3.0 9.0 

K' 4.9 54.6 44.4 69.4 
Rb' 2.5 53.1 23.2 55.4 
cs <I 25.2 14- 5 63.9 
Ba2' <1 4.0 2.7 16.7 

NH *' <1 10.8 1.5 12.0 

aConcentration of picric acid, 7.0 X 10'' Pd; macrocyclic polyether, 

bBasedon total amount of picric acid. 
CConcentrations of the polymers are expressed as concentration of 

21 X lo-' M; metal hydroxide, 0.01 M. 

crown units. 

The assumption of a 1:l stoichiometry for the crown-cation complex 
is probably not correct for the K'-15C5 system. Assuming a 2:l 
15C5-K' complex, the expression for Ke changes to 

a - 
Ke - a+ ( 1 - a) ( Cr, /A - 2a)*Az  

Calculations based on this expression yield apparent Ke values 
which decrease with increasing crown concentrations. However, if 
corrections are  made for dissociation of the ion pair  complex, using 
the expressions derived by Frensdorff, we obtain Ke = ( 11.2 i 0.5) X 10' 
Mm3 with Kdiss = 4.0 x M. The value for Kdiss is close to that 

found by Frensdorff for the dicyclohexyl- 18-crown-6 complex of 
potassium picrate [ 71. The constancy of Ke is evidence for the forma- 
tion of a 2:l complex, and is consistent with our spectrophotometric 

- - 
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CROWN ETHERS 1027 

b TABLE 4. Apparent Ke valuesa of Poly( vinylbenzo- 15-crow- 5) and 
Poly(vinylbenzo-l8-crown-6) and their  monomeric analogs. Solvents: 
H,O-CH,Cl,; Concn base 0.01 - M. 

b 

K x 10-~  M - e 

Li * Na' K+ Rb' cs ' NH 4+ 

15C5 - 8.6 35' 16 7.6 - 
P15C5 19 59 1730 1630 260 73 

18C6 - 15 530 170 97 7.2 

P18C6 12 50 1160 1000 2150 87 

"Ke values are calculated on the assumption that the 1:l complex is 
not dissociated in CH,Cl,. The standard deviation for all Ke values is 
less than 40%. 

bKe values for polymers refer to samples of Mn = 110,000 prepared 
by radical polymerization. 

CWhen calculated on the basis of a 2:l crown-K' complex and correct- 
ing for ion pair  dissociation, one finds K = ( 11.2 * 0.5) X 10 ' M-', - e 
K~~~~ = 4 x - M. 

data on ion pair-crown equilibria in THF, where fluorenyl potassium 
forms stable 1:2 complexes with 15C5. 

In those poly crown ethers  where cation coordination is likely to  
involve two crown moieties (i.e., P15C5 with K+, Rb', Cs', Ba2', and 
NH,', and P18C6 and Cs') the term (Cr,, /A, - a) in the expression for 
Ke should be replaced by (Cr,  /A, - 2a), assuming again that the two 
crown units on the polymer chain are not too f a r  apart. 

termined the partition coefficients Pe for the four croyn species 
[ 7, 141, and obtained the following values: P = 5.1 x lo-' (15C5), 
0.11 x lo-' (P15C5), 19 x lo-' (18C6), and 0.073 x lo-' (Pl8C6).  The 
lower Pe values for  the polymers are not unexpected, and would tend 
to make the two polymers less effective in extracting the cations. 
Potentiometric measurements are  presently being carried out to obtain 
the respective Ks values [ 211. Preliminary data reveal that for Na' 

To  further analyze the causes for the different Ke values, we de- 
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1028 KOPOLOW ET AL. 

ions the Ks values for 15C5 and P15C5 in a mixture of equal volumes 
of THF and H,O are nearly identical, and the same holds for 18C6 and 
P18C6. Both monomeric crown ethers are known to form only 1:l 
complexes with Na* ions. However, the Ks value for K'-P15C5 is 

approximately 15 times that of K'-15C5, and this higher value can be 
expected i f  the cation complexes with two crown ethers. Judging 
from these Pe and Ks values, much of the observed differences in the 
extraction equilibrium constants Ke are due to the Pc factor. Ap- 
parently, Pc differences between monomer and polymer cation complexes 
are much more pronounced than the known variations in the Pe values. 
The importance of the complex partition coefficient was also stressed 
by Frensdorff [ 71. 

More cations can be forced into the organic phase by3ncreasing 
the picric acid concentration in the aqueous phase at constant crown 
concentration. Experiments of this type may be used to obtain the 
maximum cation to crown ratio attainable for the poly crown ethers. 
Some of the results are graphically depicted in Fig. 4. for the Cs + ion. 

1.0 

F 
5 
B 

s;l 
8 
ii 0.2 

0.8 

a 
19 0.6 
\ 

" 0.4 

x 
w 

x 
IG 

0 
- 0 10 12 14 16 1 

8 4 '  6 0 2 

[PICRATQ / [CROWN UNITg 

FIG. 4. Determination of maximum ratio of complexed Cs + cations 
to crown units in complexes of P15C5/Cs+ and of P18C6/Cst from 
extraction experiments in the presence of excess picric acid; [crown] = 
7.10-' - M; [base] =,0.1 - M; ( 0 )  15C5; ( * )  P-15C5; ( A )  18C6; ( A )  P18C6. 
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CROWN ETHERS 1029 

Even at high picrate to  crown ratios the ratio of complexed cation to 
crown for both P15C5 and P18C6 never exceeds 0.5, indicating that 
two crown ethers are engaged in the complexing with Cs+ ion. The 
same is observed for K'-P15C5 [ 131 and Rb+-P15C5, but the ratio 
goes up to at least 0.7 for K'-P18C6, the cavity of the 18C6 being 
large enough to accommodate the  K' cation. 

C O N D U C T A N C E  AND V I S C O S I T Y  M E A S U R E M E N T S  

Coordination of a crown molecule to a cation is likely to affect its 
ionic mobility. As a result, the  conductance of a salt solution is ex- 
pected to  change on addition of crown ether. This simple tool was 
used by Pedersen and Frensdorff (121 to determine the stoichiometry 
of crown salt complexes. Assuming complete dissociation of the salt 
and a high complex formation constant (i.e., all crown ether added is con- 
verted to  the complex), one can show that at constant salt concentration 
the observed A is nearly proportional to the ratio [ crown] /[ salt]. 
When excess crown is added, A becomes constant, and the breaking 
point yields the stoichiometry of the complex. 

as the mobility of the macro ion will be low. Also, the equivalent 
conductance often does not become constant after the stoichiometric 
crown to cation ratio has been reached, since a redistribution of 
charges occurs when more poly( crown ether) is added to the cation- 
saturated polymer. However, the break in the conductance curve 
still exists. 

A number of conductivity experiments were carried out at 0.001 M 
salt concentrations ( chlorides and tetraphenyl borides were used). 
After each addition of a small quantity of crown ether the  conductance 
was determined at 25.0"C, using a General Radio Co. 1673 automatic 
capacitance bridge. Some of the resuits are graphically shown in 
Fig. 5 for KBPh, in acetone with 15C5 and P15C5, respectively. In 
this solvent ( E = 20) the tetraphenylboron salt at lo-' M is virtually 
completely dissociated into the free ions. As  the plot STOWS, a clear 
break is observed at a 15CS/KBPh, ratio of 2, a stoichiometry that 
is consistent with spectrophotometric and extraction data on other 
K'/15C5 systems. The same ratio is found for KBPh, with P15C5, 
although the break is not as sharp. This may be due to the problem of 
obtaining a fully cation saturated polymer with K'-P15C5, as pointed 
out earlier. For CsBPh, and P18C6 in acetone a break in the conduct- 
ance plot is also observed at a 2:l crown to cation ratio, but for the 
monomeric 18C6 the 2:l complex with Cs' appears to be much less 
stable and a distinct break is noticeable at a 1:l crown to cation ratio. 

The decrease in A is much larger  on addition of poly(cr0wn ethers),  
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40 

FIG. 5. 
in acetone 

0 Lo 21) 30 4.0 

15-C-5 / KBPh, + 

Plot of equivalent conductance A vs the ratio [ crown( /[ salt] 
at 25°C for the systems K',BPh4'-15C5 (0) and K',BPh,'- 

P15C5 ( 0 ) .  [K*,BPh,'] = - M. 

Conductances have also been measured in media of lower polarity, 
such as THF or CHCl, -MeOH ( 9: 1 by volume). Ion pairs are pre- 
dominant in these solvents and the conductance usually goes up on 
addition of crown ethers [ 121 due to an increase in  the ion p a i r  dissoci- 
ation. A break in the conductance plot is again observed in many 
systems at crown to  cation ratios of 1 or 2. Details of these measure- 
ments will be published elsewhere. 

The binding of ion o r  ion pairs to poly( crown ethers) should have a 
pronouncedeffect on the conformation of the macromolecule. To check 
this the viscosity of the polymer solution in the presence and absence 
of salt was measured with an Ubbelohde viscometer at 25'C as a 
function of polymer concentration. The solvent consisted of a mixture 
of equal volumes of THF and MeOH. The results are graphically de- 
picted in Fig. 6. 
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CROWN ETHERS 1031 

0 0.5 1.0 - C, G/DL 

FIG. 6. Plot of reduced viscosity vs concentration of P-15C5 in a 
mixture of THF-methanol (50-50 volume) in the absence and presence 
of salt: ( A )  no salt present; ( 0 )  KBr, constant ratio of [ KBr]/[ crown] = 
0.5; ( 0 )  KBr; salt concentration is kept constant; initial ratio 
KBr/crown = 3. 

In the absence of salt the poly(viny1benzo-15-crown-5) ( M  = n 
110,000) gives a normal plot of reduced viscosity vs polymer concen- 
tration, [ 771 being 0.15. However, a mixture of P15C5 and KBr (rat io  
KBr:crown = 0.5) h a s  a much higher viscosity than the same polymer 
solution in the absence of KBr. On dilution with solvent the reduced 
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1032 KOPOLOW ET AL. 

viscosity increases ra ther  drastically and a curve typical of that found 
for polyelectrolytes is obtained [ 221. The strong increase at low 
polymer concentrations is not observed when the ionic strength is 
kept constant (initial ratio KBr:crown = 3, see Fig. 6), although the 
reduced viscosity is still considerably higher than in the absence of 
salt. The often observed linear relationship between c/q and 

c'" for polyelectrolytes [ 221 is not strictly obeyed in our case. It 
may be that ion pairing occurs at higher polymer salt concentrations. 
Also, at very low concentrations the cation-crown complex may dis- 
sociate, and the charged polymer becomes neutral again This may 
be the reason that no upward turn in the viscosity curve was found €or 
P15C5-KBr in a 50-50 THF-H,O mixture. Another system that shows 
a similar behavior in THF-MeOH as KBr-P15C5 is P18C6 with either 
KBr or CsCl. 

convenient systems to study ion or ion pair interactions with neutral 
macromolecules in both aqueous and nonaqueous media A variety of 
techniques are available to  obtain the stoichiometry of the complexes 
and to  determine cation binding selectivities and complexation constants. 
We are presently preparing random and block copolymers of the vinyl 
crown ethers  with different monomers to  study both inter and intra- 
molecular ion binding. It should also be of interest to  study ionic re- 
actions that are promoted by these polymers through binding of the 
respective reactants. 

SP 

In conclusion, it appears that the poly(viny1 crown ethers)  represent 
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