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Calix[4]crown-6 () was synthesized and the stoichiometry and stalaifiits complexes with alkali, alkaline earth, Agl*
and NH," ions were studied conductometrically in acetoleitsolution. The resulting 1:1 BaL complex was found to be the
most stable one among all cation complexes studige. optimized structures of the ligand and it$'Bsomplex are also
reported. Based on the findingswas used as a suitable ionophore to prepare a&@brane selective electrode forHBan.
The electrode revealed a Nernstian behavior ovée Warium ion concentration 1x010° to 1.0x 10°M with only little trace of
7.1x 10" M. The potentiometric responses were found tanbependent of the pH of test solutions in the rasfge0-10.0. The
proposed electrode response time of about 10 sfrtvbe highly selective for Baion over a wide variety of cations including
alkali, alkaline earth, transition and heavy maébals. The sensor could be used for at least thi&hs without any noticeable
deviation. The practical utility of the proposedalode was also examined.
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INTRODUCTION

Elemental barium is often used in barium-nickebysl for
spark-plug electrodes, in vacuum tubes as dryinbatygen-
removing agent and in fluorescent lamps. Barium paunds
are extensively used in oil and gas industries aierdrilling
mud, and have wide applications in medical tests Xdmay
photography. They are also used to make paintkdyritfles,
glass, jet fuels, electronic components and rufibt.

Some barium compounds released duniystrial
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processes can dissolve easily in water and aredfoutakes,
rivers, and streams. Because of their water-sdatybithese
barium compounds spread over vast distances. Digebaf
barium compounds from corresponding industrial {saand
those from medical tests and X-ray application® gsllute
the environment [2].

A small amount of water-soluble barium may cause a
person to experience breathing difficulties, insegh blood
pressures, heart rhythm changes, stomach irritatimmscle
weakness, gastrointestinal disorders, changes imnvene
reflexes, swelling of brain and liver, as well aginey and
heart damage. Extended exposure to high levelaradi has
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been found to cause changes in heart rhythm, kidnegXPERIMENTAL

problems, significant weight loss, paralysis andttg2,3].
Thus, due to the critical importance of bariumridustry
and in many biological samples and urgent neednfow
barium-sensors for potenrtiometric monitoring offBian in
different industrial, biological and environmensamples, a

Reagents

All reagents used were analytical grade chemidadsibly
distilled water was used for preparing all aquesakitions.
High molecular weight poly(vinyl chloride) (PVC)pfassium

number of B&'-selective membrane electrodes have beeretrakis(4-chlorophenyl) borate (KTCIPB), sodiurtraphenyl

introduced during the past decade [2,4-7].

The host-guest chemistry and metal ion compleratib
calixarenes and the related macrocyclic ligandshagently
received considerable attention [8-13]. These atuadly
useful building blocks for the construction of telaly rigid
lipophilic cation receptors and carriers with imsing
properties [8-11]. Among different calixarene datives,
calix[4]crown ethers have attracted the attentidnnmany
researchers [12-19]. Calix[4]crowns and calix[4¢ibisvns can
form a series of 1:1 and 2:1 metal-to-ligand comedewith
alkali metal ions and Tlion [19-25]. Calixarenes and their
crown ether derivatives have also been used as swétgble
ionophores and chromo ionophores in the preparatibn
potentiometric and optical chemical sensors foraaety of
metal ions [26-35].

This work reports the results of conductometricd an
theoretical studies of complexation of calix[4]crow ()
with alkali and alkaline earth cations and "AdI" and NH
ions. Based on the selectivity order obtained freofution
studies, the ligand was used as a suitable lipigpibihophore
for the construction of a new PVC-membrane eleerod the
selective and sensitive determination of Bans. To the best
of our knowledge, there is no report in literatorethe use of
a calixarene crown derivative in the preparatiobarfium ion-
selective electrodes.
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borate (NaTPB)o-nitrophenyl octyl ether NPOE), bis(2-
ethylhexyl) phthalate (DOP), acetonitrile (AN) and
tetrahydrofuran (THF) were obtained from Fluka. fad-
grade NaCIQH,0, KCIO;, AgCIO.H,0, Mg(CIOy),,
Ba(ClQy),, LiClO4 and NHCIO, (all from Fluka) were of the
highest purity available and used as received.HRmate salts
of SP*, c&*, TI', Rb" and C% were prepared from the 1:1
reaction of perchloric acid with the correspondoagbonate
salts (all from Merck). The resulting perchloratts were
recrystallized three times from doubly distilled tera and
vacuum dried for 24 h and stored oveOR Calix[4]crown-6
(L) was synthesized and purified as described imalitee
[16,36,37].

Conductance M easurements

Conductance measurements were carried out witMB C
500 WPA conductivity meter. A dip-type conductivitell
made of platinum black with a cell constant of A.8%m"
was used. In all the measurements, the cell wasntistated
at the desired temperature using a JULABO model-ED2
Refrigerated/Heatingirculator with temperature stability +
0.03°C.

In a typical experiment, 10 ml of a metal perchter
solution in AN (5.0 x 10 M) was placed in a water-jacketed
cell equipped with a magnetic stirrer and connedtedhe
thermostat circulating water at 25.00 + 0.63. Then, a
known amount of the ligand solution in AN (1.0 1) was
added in a stepwise manner using a calibrated pimette.
The conductance of the solution was measured afeh
addition. Addition of the ligand was continued unte
desired ligand-to-cation mole ratio was achieved.

Electrode Preparation

The general procedure to prepare the PVC memiwase
to mix thoroughly 32 mg of powdered PVC, 60 mg of
plasticizer NPOE and 3 mg of the additive in 3 mTBIF. To
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this mixture was added 5 mg of ionophdre mixing the
solution well. The resulting mixture was transferiato a 2-
cm-diameter glass dish. The solvent was evaporsiaaly
until an oily concentrated mixture was obtainedPyxex tube
(3-mm o0.d.) was dipped into the mixture for abo@its3so that
a nontransparent membrane of 0.3 mm thickness avasefl.
The tube was then pulled out from the mixture aegtkat
room temperature for 1 h. The tube was then fillgith
internal filling solution (1.0 x 1®M barium perchlorate). The
electrode was finally conditioned for 24 h by soagkin a 1.0
x 10°M solution of B&" ion. A silver/silver chloride electrode
was used as an internal reference electrode.

Emf M easurements

Sample solutions were prepared in distilled watdiremf
measurements with the polymeric membrane electrodse
carried out with the following cell assembly:

Ag-AgCl, KCl (satd)linternal solution, 1.0 x fom
Ba’|PVC membrane|sample solution|Ag-AgCl, KCI (satd)

Activity coefficients were calculated according the
Deby-Huckel procedure [38]. A Metrohm analyzer wasd
for the potential measurements.

RESULTSAND DISCUSSION

Preliminary Complexation Studies

Cunductometric studies. In order to find a clue about the
stoichiometry and stability of the alkali, alkalimarth, Ag,
TI* and NH" ion complexes with calix[4]Jcrown-6L{, the
complexation of metal ions with was studied in acetonitrile
solution conductometrically. To evaluate the influe of

addingL on the molar conductance of the metal ions used in

acetonitrile solution, the conductivity at a comstasalt
concentration (5.0 x 10M) was monitored while increasing
the ligand concentration at 25.00 + 0.063. The resulting
[ligand]/[metal ion] mole ratio plots are shown kig. 1. As
can be seen, in all the cases studied, the addifitime crown
ether to the metal ion solutions causes a continumcrease
in the molar conductance of the solutions, indicathe lower
mobility of the metal ion complexes compared to sbbvated
cations.

From Fig. 1, it is seen that, in the case of'Bad TI ions,
the slopes of the corresponding molar conductanale-matio
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plots change sharply at the point where the ligamdation
mole ratio is about one, emphasizing the formatiain
relatively stable 1:1 complexes betweknand the cations
used. However, in other cases, the relatively laggrease in
molar conductance of the cations upon additionhefligand
does not show any tendency of leveling off, evermate
ratios of > 3-5, indicating the formation of weakemplexes.

The formation constants, {Kand the limiting molar
conductancesj,, of the resulting 1:1 complexes between
and the cations used in acetonitrile were evaluadbgd
computer fitting of the observed molar conductancesat
various ligand/metal ion mole ratios to the pregigwerived
equations [39,40] which express theas a function of the free
and complexed metal ions and the formation condtgnising
a nonlinear least-squares program KINFIT [41]. Tdetails
are described elsewhere [42].

The formation constants of catiobs-complexes in
acetonitrile, obtained by computer fitting of theolar
conductance-mole ratio data, are listed in Tablslit can be
seen from Table 1, the stability order of the uldmé and
bivalent metal ions with decreases in the orderBa SF* >
cd" > Mg* and TI > K" > Rb" > NH" > Li* > Nd' > CS,
respectively. Obviously, B4 and TI ions (with about the
same ionic radius of 1.43 and 1.49 A [43]) form thest
stable complexes in the series, most probably dubd best
fitting of these cations inside the crown etheritgajl2-19],

Table 1. Formation Constants of Different Catian-
Complexes in AN at 25

Catiorf logK;
B’ (1.43 A) 4.36 +0.04
ST (1.27 A) 4.01+0.03
Ccd*(1.06 A) 3.86 +0.07
Mg?*(0.78 A) 2.52 +0.03
TI*(1.49 A) 4.24 +£0.04
K*(1.33 A) 4.00 +0.06
NH, () 3.66 +0.03
Rb"(1.49 A) 3.61 +0.06
Li*(0.78 A) 3.16 £ 0.04
Ag'(1.13 A) 2.85+0.02
Na' (0.98A) 2.80 +0.07
Cs'(1.65 A) 2.04 £0.04
¥alues in parentheses are the ionic radii of cation
[43].

rather, all bond lengths, bond angles, and toraiogies were
fully optimized using the Gaussian 98 program [4Bhe
optimized molecular structures of the free ligandnd its 1:1
complex with B&" ion are shown in Fig. 2. It should be noted
that, in the foregoing calculations, the vibratibfraquencies
were calculated for both ligaridand its complex with BA to

the B&" complex being more stable because of its highetheck that the optimized geometries of the molecsyatems

charge density. It is note worthy that the increastability of
theL complex of TT over that of Rbion with the same ionic
radii of 1.49 A [43] is most probably due to thentribution of
a strong cationtinteraction in the former complex [25].

Theoretical studies. To obtain more information about the

correspond to the true energy minima. All the calad
frequencies were found to be positive, so thatah de
concluded that the geometric structures shown g Eiare
correct [46,47].

As is obvious from Fig. 2, in the case of the fiigand, the

optimized structures of ligarid and its selective 1:1 complex six ether oxygens of the crown ring located in arenor less

with barium ion, the molecular structures of theamplexed
ligand and its complex with barium ion were buitting the

planar situation, is located almost perpendicudahe plane of
the upper rim of the calix[4]arene backbone, sd tha two

Hyperchem program version 7.0, run on a Pentium(IV}OH groups of the calix molecule are situated symnicedly

personal computer [44]. The structure of the figand was
optimized using the 6-31G* basis set at the rdstli¢lartree-
Fock (RHF) level of theory. The optimized structwkthe
ligand was then used to detect the initial struetolr its B&"
complex. Finally, the structure of the resulting omplex
was optimized using the Lan12mb basis set at thE RMel
of theory. No molecular symmetry constraintswapplied;
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on the two sides of the crown cavity. In the opted
structures of the 1:1 (Ba)** complex, the cation is well
incorporated inside the twisted ligand cavity amdrdinated
not only to all six donating oxygen atoms of theven moiety,
but also to the two upper rim -OH groups of thexg4]arene,
in a more or less spherical geometry. In our reqanton
NMR study of the complexation &f with TI* ion [24], a large
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Fig. 2. Optimized structures of free ligahd(A) and its 1:1 complex with B4ion (B).

chemical shift observed for the OH-bearing phemghals of
the ligand upon complexation with the metal ioneacly
supported the relatively strong interaction of tive hydroxyl
groups with the Tlion.

Accordingly, based on the above preliminary resule
increased selectivity df for B&* over other metal ions tested,
as well as its high lipophilic character, the liamas expected
to act as a suitable ionophore foBn in a PVC membrane
electrode. during the preliminary experiments, aswfound
that, while the use of an ionophore-free PVC membra
resulted in no measurable response with respeB&tbion,

ions withL, in the next step, the ligand was used as a patent
ionophore for the preparation of a new PVC-membrgé
ion-selective electrode. Thus, several parametemrew
investigated in order to evaluate the performarfcthe ion-
selective electrodes based on ionophdrein terms of
membrane  composition,  calibration  curve  slopes,
reproducibility, linear range, limit of detectiomgsponse
time,selectivity and sample analysis, as descritmsbolw.
Membrane composition. It is well known that the
sensitivity and selectivity obtained for a givennaphore
depend significantly on the membrane compositibe,rature

the addition ofL showed a Nernstian response for the catiorof solvent mediator and the additives used [48-BhLs, the

in the range of 1.0 x 191.0 x 10° M (Fig. 3). Meanwhile,

influences of the membrane composition, the natane

ligand L was also used as a neutral carrier to prepare PvV@mount of the plasticizer and additive on the pi&én

membrane electrodes for a variety of metal ione pbtential
responses of various ion selective electrodes baséd also
included in Fig. 3. As seen, except for thé'Ban-selective
electrode, in all other cases, the slope of theesponding
potential-pM plots was much
Nernstian slopes of 59.0 and 29.5 mV per decadaribrand
bivalent cations, respectively.

PVC Polymeric Membrane |on-Selective Electrode
Studies
Based on the results of the complexation of dififermetal

response of the Basensor were investigated with the results
summarized in Table 2.

Since the nature of the plasticizer affects theledtric
constant and the state of ligands [48-52], it isezted to play

lower than the expectedan important role in determining the ion-selectelectrode

characteristics. As it is seen from Table 2, amtmg four
plasticizers tested, NPOE resulted in a betteriteéts and
wider linear calibration range. The plasticizer/P¥&tlos of 1-

2 were examined. The membrane prepared with a
plasticizer/PVC ratio of about 1.9 was found toldithe best
results.
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Fig. 3. Potential responses of various ion-selective mdes based ob.
Table 2. Optimization of Membrane Ingredients
No. Composition (%) Slope Linear range
PVC Plasticizer L Additive (mV decad@) (M)

1 32,5 NPOE, 63 4.5 - 22 x110°1 x 10*
2 30.0 NPOE, 53.5 5.0 OA, 11.5 18 x10°%1 x 10*
3 32.0 NPOE, 60 5.0 NaTPB, 3 29 x10°%1 x 10°
4 30.5 NPOE, 59 7.0 NaTPB, 3.5 25 x10°%1 x 10*
5 325 NPOE, 61 3.0 NaTPB, 35 22 x10°1 x 10*
6 29.5 NPOE, 60.5 5.0 NaTPB, 5 21 x10°1 x 10*
7 30.5 NPOE, 59.5 3.0 NaTPB, 7 24 x10°%1 x 10*
8 31.0 AP, 60.5 50 NaTPB, 3.5 25 x10°1 x 10°
9 30.5 BA, 61 50 NaTPB, 3.5 20 x110°-1 x 10*
10 31.5 DOP, 60 50 NaTPB, 3.5 18 x10°-1 x 10°

Research has revealed that the presence of lipophi As it is obvious from Table 2, the optimization tfe
anionic sites in a cation-selective membrane edéetnot only  amount of ionophoré in the membrane was performed in the
improves the response behavior and selectivity5@3i84], but  range of 3%-7%, and the best calibration slope foaad to
also may catalyze the exchange kinetics at the lgamp be 5%. Thus, as it is clear from Table 2 (no. I3, use of 60%
membrane interface [55]. Table 2 indicates thatftesence NPOE in the presence of 32% PVC, 5% ionopHoand 3%
of 3% NaTPB as a proper lipophilic additive enhantlee  NaTPB (No. 3) resulted in the best sensitivity, hwia
sensitivity of the electrode significantly. Nernstian slope over a wide dynamic range of x110°-1.0 x

884



Synthesis, Complexation and Use of Calix[4]crowasta Novel Neutral lonophore

10°3M.

Effect of internal solution. The influence of the
concentration of the internal solution on the pttémesponse
of the PME was investigated. The Ba(@concentrations
were changed from 1.010*1.0x 10°M and the emf-pB&
plots were obtained. It was found that the conegiatn of the
internal solution has a negligible effect on theteptial
response of the electrode, except for an expedtadge in the
intercept of the resulting plot. A 1:010°M concentration of
the references solution is quite appropriate foismaooth
functioning of the polymeric membrane system. lowdd be
noted that a change in concentration of the intesolation is
expected to change the potential difference onithernal
solution/membrane interface and, consequently, aherall
emf of the cell assembly.

Effect of pH of the test solution. The effect of pH range
from 2 to 12 on the response of the’Bselective electrode
was determined in a solution with 0% M of B&*, the pH
of the solution being adjusted using 0.1 M solutadreither
HCI or NaOH. The resulting emf-pH plot shown in Fig
revealed that there is no significant variatiorthe values of
the potential when the pH of the solution variesMeen 4.0
and 10.0. At pH values lower than 4, there is aelse in the
potential of the electrodes indicating that, in thembrane,
the ionophore is protonated. The observed decreéase
potential at pH > 10 could be due to the formatidrsome
hydroxyl complexes of Bain solution.

Response characteristics of the membrane electrode.
Optimum conditioning time for the membrane sensoa i1.0
x 10° M barium perchlorate solution is 24 h. It then gjetes
stable potentials when placed in contact wittf*Baplutions.

The membrane sensors thus prepared could be us-un

stretch conditions for at least three months withany
measurable divergence.

The PVC-membrane electrode, prepared as the @gtimi
composition, was found to generate stable potentrgien

placed in contact with B& solutions. The critical response

characteristic of the electrode was assessed angoro
IUPAC recommendations [56]. The average time reqglfor
the membrane sensor to reach a potential withinvlofthe
final equilibrium value after the successive imnmmsof a

series of barium ion solutions, each having a 18-fo

difference in concentrations, was measurekhe static

[#)
2l
T

pH

Fig. 4. Effect of pH of test solution on the electrodeqmtial
response in the presence of<110° M Ba?*.
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Fig. 5. Calibration graphs of Baion-electrode with
membrane no. 3.

response time thus obtained was 10 s for concemsat 1.0

x 10* M, and potentials stayed constant for 5 min, aftiich
only a very slow divergence was recorded. The ggnsi
behavior of the membrane remained unchanged when th
potentials recorded either from high to low concatidns or
vice versa.

The emf response of the proposed'Bsensor based on

ionophoreL (prepared under optimal membrane ingredients)
indicated a rectilinear range from 1x010° to 1.0x 10° M
(Fig. 5). The slopes of the calibration curves sbdwa
Nernstian slope of 29.1 + 0.3 mV dec&dsf activity change

at 25 °C. The limit of detection was 7110’ M, as evaluated
from the intersection of the two extrapolated segta of the
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Table 3. Selectivity Coefficients (l{c’j) of Various Interfering lons ()

lons Kpot lons Kpot
Li* 6.5% 10° St 6.1x 10°
Na" 9.0x 10° Cco* 2.1x 107
K* 2.7x10* Ni?* 3.3x 107
Cs' 1.7x 10" ol 1.8x 107
TI* 5.5x 10% zn? 1.4x% 102
NH 4.0x 10° Fe* 4.1x10°
Mg? 8.6x 10° PE* 2.2x 10°
ca* 8.0x 10°
calibration graph. 320

Selectivity coefficients. The influence of interfering ions
on the potential response behavior of the ion-sigkec
membrane electrodes is usually described in tershe 310
selectivity coefficient [57]. The potentiometric Isetivity
coefficient, Ky, describing the preference by the membrane
for an interfering ion NI relative to B&', was determined by
the separated solutions method [57,58] as follolwse emf-
pM™ plots were obtained for the barium and the interép 200}
ions (over a pNI range of 2-7), separately, using the proposed
electrode systems. Then, by using a pair of vatigeimary

300

E (mV)

280 1 1 1

(aga) and interfering (@,) ion concentrations at which the 0.0 0.4 0.8 1.2 1.6
electrode takes the same potential in separateisuug.e., VTitrant (L)

isopotential concentrations) and equatiop: & In(asd/awn"?), Fig. 6. Potentiometric titration curve of 100.0 ml of X@0°
where z is the charge of interfering ion, the delag M B&" with 1.0x 10° M EDTA, using the proposed
coefficient was determined. The resulting values leted in PVC-membrane sensor as an indicator electrode.

Table 3. The obtained selectivity coefficients idee the fact
that the diverse ions listed in Table 3 would natise any
significant interference in the determination of Bans by the
proposed electrode, unless present in large amounts presence of any barium ion in the water samysed, the
Applications. The proposed BA membrane sensor was average of three times recovery of a 25I0° M of B&" ion
found to work well under laboratory conditions. Was added to the sample was quite promising, (2.54 + 0.07)x
successfully applied to the titration of EDTA sdabut with 10°M.
Ba®" ion solution, and the resulting titration curvestoown in
Fig 6. As is obvious, the amount of Baons solution can be  ACKNOWLEDGEMENTS
accurately determined by the electrode.
The membrane sensor was also applied to the The support of this work by Iran National Science
determination of BZ in a mineral water sample from Foundation (INSF, Grant No. 84123/17) is gratefully
Damavand (Iran). While there was no ¢atlon of the acknowledged.
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