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Cubane diester crown ethers were tested as ion-selective electrodes in poly(viny1 chloride) (PVC) membranes. The four ionophores 
studied proved to be good K+ neutral carriers, showing Nernstian and near-Nernstian responses to this ion, in the range 
10-4-10-' M. The fixed interferences method was used to determine relative selectivity coefficients for all the electrodes. The 
highest selectivity for potassium relative to sodium, lithium, calcium and magnesium ions using potassium tetrakise- 
chloropheny1)borate (KTpCIPB as a resistance modifier and NPOE as a plasticizer was obtained with the 1,Ccubyl diester-2J-crown- 
7 ether ionopbore. The effects of KTpClPB on membrane selectivity were assessed; its removal was found to increase the selectivity 
of the four ionophores for potassium relative to cesium, sodium, calcium and magnesium ions with minimal effects on lithium and 
ammonium ions. The compounds tested exhibited a fast Nernstian response to changes in K+ concentration which was stable to 
within < 100 pV h-'. 

INTRODUCTION 

Ionophore-impregnated polymeric membrane-based 
ion-selective electrodes are now commonly used in a 
variety of A huge amount of effort has 
been expended into the syntheses and characterization 
of these ionophores in order to improve both selectivity 
and detection limits. A large number of these com- 
pounds utilize a 1,3-xylene or 1,3- or 1,Zcatechol unit 
as a nucleus, such as the macrocyclic pol yet her^^-^ and 
polythioethers. 8 9 9  The benzene nucleus in such systems 
increases the hydrophobicity and rigidity of the 
ionophore, thus altering its partition and conforma- 
tional properties, and in addition the a-system of the 
nucleus can act as a binding site especially in systems 

where it protrudes into the cavity.6 In a continuing 
effort to identify useful macrocyclic structures for ana- 
lytical and membrane applications, we have synthesized 
for the first time a new series of macrocyclic polyether 
structures in which the benzene nucleus is replaced with 
an alicyclic 1 ,Cbridged cubyl species. The cubyl nucleus 
is an ideal lipophilic component for ionophores because 
of its concentrated hydrophobicity, lo symmetry and 
low molecular weight [the partition coefficient (log p )  
for cubane was determined using the shake-flask 
method in a water-chloroform system to be 1.57, 
which is much lower than that expected for an eight- 
carbon hydrocarbon system, reflecting the compact 
nature of the cubane structure with its very small 
solvent accessible surface area. The value for log p in an 

* Authors for correspondence. 
t Present address: University of Wales, Institute of Molecular and Biomolecular Electronics, Dean street, Bangor, Gwynedd LL57 
lUT, UK 

CCC 0894-3230/94/060303-06 
0 1994 by John Wiley & Sons, Ltd. 

Received 9 September 1993 
Revised I3 December 1993 



304 R. M. MORIARTY ET AL.  

1 2 

CI7 

DYI 

cG c20 

Figure 1. X-ray crystal structures of ionophores 1, 2 and 4 

octane-1-ol-water system was computed using the 
CLOGP program of Hansch and Leo to be 1 *26. This 
is again lower than expected for an eight-carbon 
system "1. 

The x-ray crystallographic structure of cubane diester 
crown ethers (1, 2 and 4) have been rigorously estab- 
lished" (see Figure 1). The results show the C-C, 
C-0 and C=O distances have normal values of 
1 -42- 1 - 5 5 ,  I .4-1.42 and 1.18-1 -36 A, respectively. 
Ionophores 1 and 2 posses no center of symmetry and 
the addition of the cubyl nucleus probably reduces the 
flexibility of the ring so that it adopts a typically gauche 
C-C conformation, the trans-lactone conformation 
being a common feature of all examples. Ionophore 4, 
the dinuclear example, possesses a center of symmetry 
which persists in solution and its structure is supported 
by 'H NMR studies. Its crystal packing structure is 
centrosymmetric triclinic. 'H NMR spectra show 
ionophore 1 to form stable complexes (1:  1) with 
NaSCN, which readily undergoes decomposition on 
heating in CHCls, or washing with water. Ionophore 

1 and NaSCN (1 : 1 or an excess) were heated in 
methanol over a steam-bath until a clear solution was 
obtained, then cooled and evaporated. The white solid 
remaining was dissolved in CDC13 and filtered. 'H 
NMR spectra (400 MHz) of the above-complexed com- 
pound 1 shows a single merged multiplet for all OCH2 
(12H, m) protons at 6 3.55-3.74. Heating the CDCL 
solution of the complex or washing with water results in 
decomplexation and recovery of starting material in the 
pure form which shows three multiplets for OCHl 
protons, at 6 3.57-3.6, 3.62-3.64 and 3-68-3-70. 

The cubane diester crown ethers are a group of struc- 
turally well characterized ionophores whose physical 
properties have not been fully characterized. As part of 
a continuing study to explore the physical properties of 
these ionophores we have synthesized a series of these 
compounds in which the macrocyclic ring size has been 
varied from five to eight oxygen atoms (1-4) (see Figure 
1 for structures of 1, 2 and 4)  and have studied their 
potentiometric responses and selectivities in PVC mem- 
branes to alkali and alkaline earth metal cations, in the 
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presence and absence of potassium tetrakis(p- 
chloropheny1)borate (KTpClPB). 

RESULTS AND DISCUSSION 
The selectivities reported for a given ionophore vary 
depending on the membrane composition and the 
nature of solutions (e.g. ionic strength, pH) to which 
the membranes are exposed. l2 For comparison pur- 
poses, unless stated otherwise, we prepared all 
ionophores under identical conditions using the same 
PVC membranes, plasticizer and lipophilic anionic site 
(e.g. KTpClPB) to obtain relative response due to the 
ionophores. The typical resistances of the prepared 
membranes, measured in situ using a Keithley 617 elec- 
trometer in the ohmmeter mode, ranged from 0 - 6  to 
1 * 1 MQ. All compounds used were functionally active 
as ion-selective electrodes and displayed a wide vari- 
ation in electrochemical response. 

A comparison of the responses obtained due to a 
sequential series of modifications in which the ring size 
of the macrocycle was varied from five to eight oxygen 
atoms was made with ionophores 1-4. All neutral 
carrier electrodes exhibited a marked selectivity for 
alkali metal (monovalent) over alkaline earth metal 
(divalent) cations (see Figure 2). The response curves 
obtained from plots such as in Figure 2 for the different 
ionophores 1-4 with different quest ions decreased in 
the order Cs+ > K +  > NH4+ > Na+ > Ca2+ > Li+ 
> Mgz+. This pattern appeared to be essentially 
independent of ring size, indicating that the 'optimal 
spatial fit concept' (circular recognition) l3  did not 
appear to hold for these ionophores when tested under 
these conditions of measurement. Despite the 
formation of a stable complex with Na+ ions in 
methanol, ionophore 1 showed no enhanced preference 
for this ion in these studies. Similar findings have been 
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Figure 2. Cation selectivity of an electrode based on 
ionophore 1 in 0.1 M Tris-HCI (pH 7.5). The electrode was 
exposed to the salts of cesium (l), potassium (2). ammonium 
(3), sodium (4), calcium (5), lithium (6) and magnesium (7) 

reported in a study of 1,3-xylyl crown  ether^,^ which, 
owing to the availability of supporting studies carried 
out with organic solvents, was attributed to 
domination of solvation effects in complexation 
resulting in the selectivities, reflecting the ease with 
which the ionophore could substitute water from the 
inner hydration sphere of ions. 

The responses, slopes and detection limits obtained 
for membranes prepared with KTpClPB and 
ionophores 1-4 with alkali metal cations determined 
according to Commission on Analytical Nomenclature 
rules l4 are shown in Tables 1 and 2. The slopes for the 
electrodes ranged from 59 to 39mV per decade with 
detection limits varying from 2 x lo-' to 1 x lo-' M 
depending on the nature of the cation and ionophore. 
Nernstian or near-Nernstian responses were observed 
for K+ with ionophores 1-4, Cs+ with 1, 2 and 4 and 
NH$ with 1 and 2, but not for Na'. Selectivity coeffi- 
cients for K +  with respect to other alkaline earth metal 
cations obtained in the presence of KTpClPB are sum- 
marized in Figure 3 and were obtained using the fixed 
interference method, l4 as this condition is represen- 
tative of the conditions under which these electrodes 
could be used. The optimium selectivity for sodium 
( -  1*2), lithium (-2*3), calcium (-2.3) and mag- 
nesium ( -  3 '3) was observed with ionophore 3. 

Comparison of the selectivities of the cubane diester 
crown ether membranes containing KTpClPB with 
membranes prepared without KTpClPB (see Figure 4) 
showed major differences in selectivity. For all four 
ionophores improvements in the selectivity of K +  rela- 
tive to Cs', Na', Mg2+ and Ca2+ were observed in the 

Table 1 .  Performance characteristics of electrodes based on 
ionophores 1-4 

Slope (mV per decade) 

Ionophore K +  Na' cs + NHb 

1 57 46 57 56 
2 59 46 57 51 
3 55 46 39 43 
4 59 50 56 49 

Table 2. Detection limits of electrodes based on ionophores 
1-4 

Detection limit (M) 

Ionophore K' Na' c s  + NH2 

1 6 x 1 x lo-' 6 x 2 x 

4 2 x 8 x lo-' 6 x lo-' 2 x lo-' 

2 2~ 1 0 - ~  1 x 4~ 1 x 1 0 - ~  
3 I x 1 0 - ~  4 x lo-' 2 x 1 0 - ~  4 x 1 0 - ~  
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Figure 3 .  Selectivity coefficient for K+ in PVC membrane elec- 
trodes prepared with ionophores 1-4, KTpClPB and NPOE 
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Figure 4. Selectivity coefficient for K +  in PVC membrane elec- 
trodes prepared with ionophores 1-4 and NPOE 

absence of KTpCIPB. KTpClPB is added to membranes 
to improve the membrane re~istance'~ and response 
characteristics; however, the exchanger can reduce 
monovalent vs divalent cation selectivity l6 and favour 
large cations, as observed in this study. In the absence 
of KTpClPB the optimium selectivity for sodium 
(-1.6), ammonium (-0-5), lithium (-2*3), calcium 
(- 3.1) and magnesium (- 3.4) ions was observed with 
ionophore 2. A typical response of a PVC membrane to 
a stepwise change in K+ concentration is illustrated in 
Figure 5 for ionophore 2. The trace shows a fast Nerns- 
tian response to a ten-fold increase in K+ concentration 
(54 mV) which was essentially complete within a few 
seconds. Stability measurements in an open, unstirred, 
thermostated beaker of lo-' M KCl at 25 "C showed 
the electrode to have a stability of < 100 pV h-I. 

In conclusion, it has been shown that cubane diester 
crown ethers are relatively good potassium-selective 
ionophores showing good discrimination against alka- 
line-earth metal cations with a useful detection range 
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Figure5. Response curve for a PVC membrane based on 
ionophore 2 to a change in concentration of KCl from 

1 x 10-3 to 1 x M 

between loW4 and 1 0 - l ~ .  However, given the 
availiability of more selective and sensitive naturally 
occurring ionophores for potassium (e.g. valinomycin) 
we predict that these compounds may have greater 
value if used as modified electrodes in electroanalytical 
applications. The development of disposable elec- 
trodes and a hand-held instrument l9 for environ- 
mental monitoring based on anodic stripping 
voltammetry (ASV), which can determine four heavy 
metals simultaneously, increases the need for ionophore 
coatings with a broad selectivity as replacements for the 
currently used thin mercury films. The broad selectivity 
of cubane macrocycles, concentrated hydrophobicity, 
aliphatic nature and numerous options for structural 
modification make these compounds ideal candidates 
for development as replacements for mercury films in 
the determination of heavy metals by ASV. 

EXPERIMENTAL 

Materials. Lithium chloride (BDH, Speke, Liver- 
pool, UK.) cesium fluoride and sodium chloride (Aldrich 
Chemical, Gillingham, Dorset, U.K.) were used as 
received. Cubane 1,4dicarboxylic acid was purchased 
from Fluorochem (Azusa, CA, U.S.A.). Di-, tri-, tetra- 
and pentaethylene glycols were obtained from Aldrich 
Chemical (Milwaukee, WI, U.S.A.). Potassium 
tetrakis(pchloropheny1)borate (KTpCIPB), poly(viny1 
chloride) (PVC) and 2-nitrophenyl octyl ether (NPOE) 
were purchased from Fluka (Glossop, Derbyshire, 
U.K.). Tetrahydrofuran (THF) was obtained from 
Rathburn Chemicals (Walkerburn, U.K.) and was dried 
over sodium. Tris(hydroxymethy1)aminomethane (Tris), 
potassium chloride, magnesium chloride, ammonium 
chloride and calcium chloride were purchased from 
Sigma Chemical (Poole, Dorset, U.K.). All standard sol- 
utions and buffers were prepared using water purified 
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with a Milli-Q system (Millipore). Neutral carriers were 
prepared as described below. 

Syntheses of ionophores. Ionophores 1-4 were pre- 
pared by the reaction of cubane-l,4-dicarbonyl chloride 
with the appropriate polyethylene glycol according to 
the methods of Moriarty et al. 'I the general procedure 
being as follows. In a typical experiment, a solution of 
polyethylene glycol (5 9 2 mmol) in dry dichloromethane 
(100ml) was added dropwise to a stirred solution of 
cubane-1 ,Cdicarbonyl chloride (5 2 mmol) and 
triethylamine (13 -0  mmol) in dry dichloromethane 
(400ml) at room temperature under an argon atmo- 
sphere. The reaction mixture was stirred for 20 h at 
room temperature and then poured on to a crushed 
ice-water mixture. The organic layer w a s  separated 
and the aqueous layer was extracted with 
dichloromethane (2 x 100 ml). The combined organic 
extracts were washed with water (2 x 80 ml) and brine 
(100 ml), dried (Na2S04), filtered and evaporated in 
vacuo to yield crude cubyl diester polyethers 1-4, which 
were obtained pure by flash chromatography on silica 
gel with ethyl acetate eluent. 

1,4-Cubyl diester-19-crown-5 ether (1). Yield 25%; 
m.p. 153-154"C, IR (KBr), 1727 cm-'; 'H NMR 
(400MHz, CDCI3), 6 3.57-3.6 (4H,  m, OCHz), 
3.62-3.64 (4H,  m, OCHz), 3-68-3.70 (4H,  m, 
OCHz), 4.29-4.31 (4 H, m, COOCHz), 4.30 (6 H, s, 

64.18, 68.8, 70.34, 71.4, 171.27; chemical ionization 
(CIMS), (M' + 1) m/z  351 (32Vo); high-resolution elec- 
tron impact MS, CleH2207 requires m/z  350.1366, 
found 350.1369; analysis, calculated for ClgH2207, C 
61-71, H 6-33; found, C 61-84, H 6.37%. 

CH); I3C NMR (100-6 MHz, CDCI,), 6 47.06, 56.69, 

1,l-Cubyl diester-22-crown-6 ether (2). Yield 40%; 
m.p. 89-90°C; IR (KBr), 1727 cm-I; 'NMR 
(400 MHz, CDCl3), 6 3.57-3.59 (8 H, m, OCHz), 
3-62-3.64 (8 H, m, OCHz), 4.22-4-24 (4H,  m, 
COOCHz), 4.25 (6 H, S,  CH); I3C NMR (100.6 MHz, 
CDCI,), 6 46.81, 55-89, 63.54, 68-61, 70.25, 70.56, 
70.92, 171.07; CIMS, ( M + +  1) m / z  395 (28070); 
analysis, calculated for CZOH2608, C 60.90, H 6.64; 
found, C 61.00, H 6.58%. 

1,l-Cubyl diester-25-crown-7 ether ( 3 ) .  Yield 20%; 
m.p. 5 5 4 6 ° C ;  IR (neat), 1725 cm-'; 'H NMR 
(400MHz, CDC13), 6 3.63-3.68 (20H, m, OCHz), 
4.24-4.27 (4 H, m, COOCH2), 4.25 (6 H, s, CH); "C 
NMR (100.6 MHz, CDCl3), 6 47.0, 55.85, 63.59, 
68.80, 70.38, 70-71, 70-80, 71.15, 171.33; CIMS, 
(M' + 1) m/z  439 (36%); analysis, calculated for 
C22H3o09, C 60.26, H 6.90; found, C 60.14, H 
6.87%. 

1,4-Dibridged-dicubyI diester-32-crown-8 ether 
(4). Yield 15%; m.p. 122-129°C; IR (KBr), 
1723 cm-I; 'H NMR (400 MHz, CDCI3) 6 3.56 (8 H, 
s, OCH2), 3.62-3.64 (8 H, m, OCH2), 4.14 (12 H, s, 
CH), 4.16-4-19 (8 H,  m, COOCH2); '!C NMR 

70.63, 171.01; CIMS, (M+ + 1) m/z  613 (lOOC7o); 
analysis, calculated for C32H36012, C 62-74, H 5.92; 
found, C 62.45, H 5.98%. 

(100*6MHz, CDCl3), 6 46.76, 5 5 . 5 ,  63.5, 68.98, 

Membrane and electrode fabrication. The polymeric 
membranes used were prepared as follows: PVC 
(31.2 mg), NPOE (66 mg; 263 p M), KTpClPB 
(0.4 mg; 0-81 p M) and the appropriate ionophore 
(8-6 j~ M) were dissolved in 1 ml of THF. The solution 
was poured into a flat glass ring (17 mm i.d.), and the 
solvent evaporated at room temperature overnight 2o to 
yield an elastic, translucent membrane of thickness 
0.14-0.18 mm. The resulting polymeric membranes 
were conditioned for 24 h in 1 x M KCI, then 
deposited on the end of a glass tube of 5 - 5  mm i.d. con- 
taining an internal reference solution (1 x M) and 
chloridized silver wire as an internal reference elec- 
trode. 21 The fabricated electrodes were further condi- 
tioned for 24 h in 1 x M KCl before use. All 
potentiometric measurements were performed by the 
use of the following cell: Hg, Hg2C12, KCl (sat.) 
11 sample solution I membrane I Tris (0- 1 M), KC1 
(1 x M) AgCI, Ag. 

E.m. f .  measurements. The response of the electrode 
were measured with a Thurlby Model 1503 digital mul- 
timeter and time-dependent responses were recorded 
with a Siemens Model X-T C1012 chart recorder. All 
measurements were performed in a temperature- 
controlled room at 21 "C relative to a Radiometer 
porous pin-junction calomel reference electrode. Elec- 
trodes were stored in 1 x M KCI when not in use. 
The electrodes were calibrated by syringing 2 ml 
aliquots of known concentrations of different electro- 
lyte standard solutions into a stirred beaker containing 
20-0ml of 0.1 M Tris-HCI buffer (pH 7 .9 ."  To 
obtain the calibration graphs of the ISEs, the data were 
plotted as A E (i.e. the increase in potential with respect 
to the baseline) vs the logarithm of activities of the 
cation present in the buffered solution. 

Selectivity coeficients (K&). Selectivity coefficients 
were determined by the fixed interference method." 
The background concentration of the inteferent ions 
employed were 0.1 M for LEI ,  NaCI, KCI, CaCl2 and 
MgCl2 and 0.01 M for CsF and NH4Cl. 
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