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New lipophilic triesters of calix[4]arene and calix[4]quinone are investigated as sodium ion-selective iono-
phores in poly(vinyl chloride) membrane electrodes. For an ion selective electrode based on calix[4]arene tri-
esterl, the linear response isx1103°to 1x 10 M of Na" concentrations. The selectivity coefficients for
sodium ion over alkali metal and ammonium ions are determined. The detection limpit-(fogh50) and the
selectivity coefficient (logia+x+"*"'=-1.86) are obtained for polymeric membrane electrode containing
calix[4]arene triestel.
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Introduction guinone tested as sodium ionophores are shown in Figure 1.
They were prepared according to our literature procedure.
Calixarenes have received considerable attention as atigh molecular weight PVC, dioctyl sebacate (DOS), 2-nitro-
interesting class of ionic and molecular binding hb&he  phenyl octyl ether NPOE), potassium tetrakjs¢hloro-
synthesis, structures and cation-binding properties of calixphenyl)borate (KPpCIPB) and tetrahydrofuran (THF), which
arene derivatives as a new class of macrocyclic moleculawvere obtained from Fluka, were used to prepare the PVC
receptors have been reviewttl Calixarene esters have membranes. Analytical grade chlorides of sodium, lithium,
appeared the unusual ionophoric properties toward the alkatiesium, potassium, and ammonium were used. Doubly dis-
metal ions such as sodium and cesium’iRecently there tilled water in a quartz apparatus was used to prepare all
has been increasing interest in the development of neutralqueous electrolyte solutions.
carrier-based sodium ion-selective electrodes as alternativesFabrication of polymeric ion-selective electrodesThe
of sodium ion-selective glass electrode. Analytical methodsypical composition of PVC-based sodium ion-selective
for determining the alkali metal ions have been extensively
studied due to the importance of sodili potassiurh*2
and lithiumt® in biological processes. The ISE dynamic re-
sponse is generated by selective complexation of the targ
ion by ionophores dispersed in a poly(vinyl chloride) (PVC)
matrix. Polymeric membrane ISEs provide one of the mos
powerful sensing methods because it is possible to sele
various sensory elements according to the charge and size
the target ion in clinical and environmental assgy8ased
on the recent advance of host-guest chemistry, polymeri
membrane ISEs for sodium ion have been extensively develo
ed by the use of crown ethers and related macrocyclic hos
as well as acyclic ligand$*® Many of these ISEs exhibit
excellent selectivity for sodium ion as a guest and are nou
commercially availablé’>?* We have synthesized calix-
[4]arene triesters and their corresponding quinones as soc
um ion ionophores and reported their cation binding proper
ties in extraction experiment$Now in this study, we des-
cribe the electrode optimization and the electrochemica
properties of polymeric sodium ion-selective membranes base
on calix[4]arene triesters and their corresponding quinone
as sodium ion ionophores.

Experimental Section

Figure 1. Five lipophilic triesters of calix[4]arene and calix[4]-
Reagents Calix[4]arene triesters and their correspondingquinone tested as ionophores in this study.
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Table 1 Composition of PVC-based Sodium Selective Mem-
branesa 10" M
Na*
lonophore No. PVC DOS o-NPOE KTpCIPB® lonophore i 60 mVidecade 102M
| 1 33 66 0 1 J '
2 33 66 50 1 z oM «
3 33 66 0 1 L S L. o
4 33 66 50 1 o h“__]'V\”
I 5 33 66 0 1 w L
6 33 66 50 1 o N
7 33 66 0 1 ¥
8 33 66 50 1
M 9 33 66 0 1 0 100 200 300 400 500 600 700
10 33 66 50 1 Time (sec)
11 33 66 0 1 Figure 2. The dynamic response for alkali metal ions by electrode
12 33 66 50 1 1 based on calix[4]arene triestein pH 7.2 (0.05 M Tris-HCI)
Y, 13 33 66 0 1 buffer solutions.
14 33 66 50 L lines in the plot of the concentration of Nend the potential
15 % 66 0 ! difference®
16 33 66 50 1 )
V 17 33 66 0 1 . .
18 33 66 50 1 Results and Discussion
;g gg 22 500 1 New lipophilic triesters of calix[4]arene have three car-
bonyl oxygens, which function as well-defined convergent
none 21 33 66 0 L g - . . .
binding sites for the specific metal ions that sterically fit well
22 33 66 50 . .
23 33 66 o with the pseudocavity constructed by these oxygens. In the
24 33 66 50 previous studies, the calix[4]arene tetraesters have been

3ln wt %."Mol % relative to the ionophore.

shown to display selectivities for sodium ion in the complex-
ation, extraction, transport, and liquid membrane experi-
ments'®2! The calixarene structure acted as a rigid support

electrodes was 33 mg PVC, 66 mg plasticizer, 1 mg ionofor the carbonyl groups that function as convergent binding
phore and KPCIPB (mol% of ionophore if needed). Table 1 sites for metal ions. Actually, calix[4]arene and calix[4]-
summarizes the compositions of the sodium ion-selectivguinone triesters have shown to display selectivities for
membranes employed in this study. The mixture of iono-sodium ion, in the complexation, extractidi?and they
phore, plasticizer and PVC were dissolved in the appropriatshowed ion transport ability with efficiency decreasing in
volume of THF and mechanically stirred. All membrane the order of Na> K* > Cs~Rb'™~Li*. Among them, calix-
cocktails were cast in glass rings placed on glass plates farene triestey exhibited excellent extraction of alkali metal
conventional ion-selective electrodésSolvent from PVC  ions?? The polymeric membrane ISEs are a more compli-
membrane was allowed to evaporate for at least 24 hours aated system rather than the extraction experiments, and the
room temperatur&. The thickness of the resulting mem- conditions under which the selectivity of the ISE is exam-
brane was about 0.3 mm. ined are very different, the results of extraction experiments
Potentiometric measurementsThe electrochemical pro- should be considered only as a consulted data for the ISE
perties of the sodium ion-selective electrodes were investiselectivity.
gated in the conventional configuration. Small disks were The potentiometric response properties of these polymeric
punched from the cast membranes and mounted in Philipmembrane ISEs are examined for alkali metal and ammao-
electrode bodies (IS-561). For all electrodes, 0.1 M NaChium ions. Electrodes (21-21) with a membrane containing
was used as an internal filling solution. The external referno ionophore show negligible response to all of the alkali
ence electrode was an Orion sleeve-type double-junctiometal and ammonium ions employed. The ion exchanger
Ag/AgCI reference electrode (Model 90-02). The electro-KTpCIPB in these experiments is known to exhibit some
chemical potential was measured using home-made 1&ensory activity for sodium ion in PVC/NPOE membrane
channel potentiometer coupled to a computer. The dynamicontaining no selective ionophctéut the sodium sensiti-
response curves were produced by adding standard solutiowgy with the addition of KpCIPB in PVC/DOS membrane
of cations to magnetically stirred buffer solution (0.05 M containing no ionophore is largely decreased. The polymeric
Tris-HCI, pH 7.2). The selectivity coefficients ") membrane ISEs are investigated to measure the ability of the
were determined by the separate solution method (SSMpnophores to act as neutral carriers in the absence of the ion
using 0.1 M chloride salts of the cations invol¢@®etec-  exchanger. Figure 2 illustrates the dynamic response for
tion limits were obtained from the intersection of two linearalkali metal ions, obtained in pH 7.2 (0.05 M Tris-HCI)
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buffer solutions by electrode 1 (PVC membrane containingesults are very similar to those obtained from the ISE pre-
DOS as a plasticizer) based on calix[4]arene tridstEhe  pared by triester monoacid derivatives pfert-butyl-
electrode 1 displays a near-Nernstian (58.3 mV/decada)alix[4]aren€’ But the polymeric electrode 9 in the absence
response to Niain NaCl solutions over the linear range 1 of the ion exchanger based on the calix[4]arene trigister
10351 x 10" M. The strongest response is observed forwhich have no para-butyl substituents gives the worse
Na'" ion with a detection limit below IOM. The response of detection limit and selectivity coefficient. The polymeric
electrode 1 is also observed fof #tarted fronca. 10°M, electrodes 2 and 10 in the presence of the ion exchanger (50
for Cs and Li started fronta 102M. The selectivity coef-  mol%) based on the calix[4]arene triesteandlll decrease
ficients of potentiometric responses by electrode 1 are in thihe detection limit and the selectivity coefficient. Meanwhile
order of N&>K* > Cs', Li*, and this result is identical to the polymeric electrodes prepared from 30 or 70 mol%-KT
the extraction result which the binding efficiency is decreasCIPB produce the similar results to that of 50 mol%pKT
ing in the order Na> K* > Cs" > Li*.?2 The selectivity coef- CIPB, and there is no effect on the mol% of ion exchanger.
ficients (Kuat, ") determined are summarized in Table 2. The preference for Nacan be reasonably explained by an
The Kya,j* values for the electrodes with a membrane con-excellent geometric fit with the pseudocavity constructed by
taining no ionophore are also listed in Table 2. According tahe three carbonyl oxygens in calix[4]arene triektethich

the results in Table 2, the PVC/DOS polymeric electrode have pard-butyl substituents rather than calix[4]arene tri-
over the PVC/NPOE polymeric electrode 3 or 4 based orsterlll which have no pargbutyl substituents. Although
calix[4]arene triestet shows the better selective responsecalixarene triestel exhibited good extraction of alkali
for sodium ion. Figure 3 shows the dynamic response fometal ions and had also pasautyl substituents, it gives the
Na" in pH 7.2 buffer solutions by electrodes 1, 2, 9, and 1Gvorse detection limit and selectivity coefficient. PVC mem-
shown in Table 1. As mentioned above, the polymeric elecbrane of calixarene triester may exhibit the worst electri-
trode 1 in the absence of the ion exchanger based aral properties although calixarene triesteshowed good
calix[4]arene triestel which have par&butyl substituents extraction of sodium ion in organic solution. Meanwhile,
provides the detection limit (loga = -4.50) and the selec- although calixarene triesttY have no par&butyl substitu-
tivity coefficient (logKna+x+"*'=-1.86) for Nd over alkali  ents, it gives the worse detection limit and selectivity coeffi-
metal and ammonium ions, and slopes in excess of 50 m\éient. Benzyl group in calixaren® rather than hydroxyl
decade change in appropriate sodium concentration. Theggoup in calixarendl seems to suggest the better geometric

Table 2. Electrochemical Properties of PVC-based Sodium Selective Membrane Electrode

slope detection limit logk Rz,
lonophore no. — - - -
(mV/decade) (log &) j=Li* j=K* j=NH," j=cCs

| 1 58.3 -4.50 -2.81 -1.86 -2.57 -2.42
2 51.6 -3.95 -1.40 -0.09 -1.12 -0.71
3 29.0 -3.02 -1.40 -1.13 -1.32 -1.62
4 26.0 -2.56 -0.19 1.66 0.52 -0.54
1] 5 57.0 -4.55 -2.54 -0.78 -2.32 -2.32
6 56.6 -4.51 -2.23 -0.42 -2.60 -2.00
7 314 -3.20 -1.13 -0.07 -1.08 -0.91
8 39.9 -3.15 -0.98 0.86 -0.68 -0.78
1] 9 54.3 -4.23 -2.51 -1.50 -2.11 -1.84
10 48.3 -3.80 -1.52 -0.51 -1.32 -0.95
11 17.2 -2.53 -0.88 -0.83 -0.69 -0.23
12 36.8 -3.06 -0.44 0.99 -0.12 -0.12
v 13 52.9 -4.09 -2.60 -1.84 -2.20 -2.32
14 22.8 -2.63 -2.50 -1.91 -2.11 -1.88
15 18.7 -2.56 -1.01 -0.78 -0.81 -0.12
16 57.8 -4.34 -1.76 -1.12 -1.94 -3.16
\Y 17 35.7 -3.57 -2.81 -0.12 -2.10 -1.66
18 30.0 -3.44 -1.69 -0.56 -1.57 -1.44

19 26.2 -2.60 -0.76 0.56 -0.52 -0.15
20 26.2 -2.42 -0.58 1.56 0.59 -0.84
none 21 30.0 -2.55 -0.74 0.73 0.30 0.64

22 -1.95 -0.27 0.34 0.27 0.32

23 -2.60 0.00 0.15 0.32 0.24

24 0.00 0.20 0.14 2.57
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Figure 3. The dynamic response for sodium ion by electrodes (a)

1, (b) 2, (c) 9, and (d) 10 in pH 7.2 (0.05 M Tris-HCI) buffe
solutions.

structure for the reception of NaCalix[4]quinone triestel

also gives rise to the worst selectivity coefficient. Probably
calix[4]quinone triestedl produces the worse geometric
structure for the reception of Nén PVC membrane. At

present, the mechanism of the geometric variation by the7.

substituent in calix[4]arene triester is unclear.

According to the results in Table II, the sodium selectivity 8.

and sensitivity of calix[4]arene and calix[4]quinone triesters

in polymeric electrodes are generally lowered with the addi- 9-

tion of KTpCIPB as an additive reagent. The addition of the

additive to PVC membranes containing ionophores greatl)}L
changed the selectivity of all guests employed, and the selec-
tivity depends on the composition of polymeric electrodes.
Examination of the selectivity data for the electrodes em
ployed in this study indicates that the structure of calix[4]-
arene triesters as an ionophore is the major factor determin-

ing the selectivity, and the other factor determining it is the13.

kind of plasticizer used in PVC membrane electrodes. All

the electrodes responded rapidly to changes in sodium cod4.

centration with time constant of the order of a few seconds.
The rate of response was only limited by the speed of stir-
ring and the injection technique. 1

16.

Conclusion

17.

PVC-polymeric sodium ion-selective electrodes based on

lipophilic triesters of calix[4]arene and calix[4]quinone have 18,

been fabricated and tested for sodium ion against alkali

metal and ammonium ions. In general the polymeric elec19.
trodes combined with the calix[4]arene triesters which have20.

parat-butyl substituents had superior characteristics to those

combined with those which have no paautyl substitu- 21.

ents. Among them, PVC polymeric electrode based on calix:
[4]arene triested shows the best detection limit and the
selectivity coefficient in pH 7.2 buffer solutions, and the lin- 23
ear response in Naoncentrations of £ 10°%1 x 101 M
compared with the other electrodes prepared in this work.
The sodium selectivities ¢+,;**) are dependent upon iono-

phore as well as plasticizer used in membrane electrodes. 24.
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