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Strontium(II)-selective electrode based on a macrocyclic tetraamide

A.K. Singh∗, Puja Saxena, Sameena Mehtab, Barkha Gupta
Department of Chemistry, Indian Institute of Technology, Roorkee 247667, India

Received 29 August 2005; received in revised form 21 October 2005; accepted 21 October 2005
Available online 1 December 2005

Abstract

A new PVC membrane electrode based on 5,7,12,14-dibenzo-2,3,9,10-tetraoxa-1,4,8,11-tetraazacyclotetradecane (I) as an ion carrier,o-
nitrophenyloctyl ether (o-NPOE) as solvent mediator and sodium tetraphenylborate (NaTPB) as lipophilic additive was fabricated and investigated
as Sr2+-selective electrode. The best performance was exhibited by the membrane having composition 8:200:4:120 (I:o-NPOE:NaTPB:PVC).
The electrode exhibited a Nernstian response for strontium ion over a wide concentration range 3.98× 10−6 to 1.0× 10−1 M with a slope of
29.0± 0.1 mV/decade of concentration and a detection limit of 2.82× 10−6 M. It showed a response time of less than 10 s and could be used for
at least 3 months without any divergence in potential. The proposed electrode showed a good discriminating ability towards strontium(II) ion over
a wide variety of other metal ions including alkali, alkaline earth, transition, and heavy metal ions. The electrode can be used in the pH range
o titration of
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f 2.5–10.5 and in mixtures containing up to 35% (v/v) non-aqueous content. It was used as an indicator electrode in potentiometric
trontium ion against EDTA.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Carrier based PVC membrane sensors are well-established
nalytical tools used for the measurement of a wide variety of
ifferent ions selectively and directly in complex biological and
nvironmental samples[1–4]. Electrically neutral lipophilic lig-
nds containing the appropriate number of binding sites of high
ipole moment and high polarizability could be employed as

on-active phase for alkali and alkaline earth metal ions[5]. How-
ver, in comparison with other alkali and alkaline earth metal
ations, only a few Sr2+-selective sensors have been reported
6–16]which suffer from various limitations. This is despite the
ncreasing interest as application of Sr2+ ion-selective electrodes
n analysis of nuclear wastes[17–19]is important. Strontium is
n important alkaline earth metal used in production of glasses

or colored television sets and ferrite magnets[20], in refining
f zinc and added to tin and lead alloys for increasing hard-
ess and durability[21]. It has also been used as fireworks,
ignal flares, and as oxygen eliminator in electron tubes. A
umber of methods such as atomic absorption spectrometry

[22], flame photometry[23], ICP-AES[24] have been reporte
for the determination of strontium. These methods are la
time consuming and require large infrastructure back up. T
a simple, cheaper and convenient method with fast resp
is required for analysis of large number of environmental
other samples. The analysis by ion-selective electrodes pro
such procedures and for this purpose, a sufficiently selectiv
sensitive strontium sensor with low detection limit is yet to
developed.

The design and synthesis of new macrocyclic ligands for
cific analytical applications is a subject of continuous inte
The inbuilt configurational rigidity induced by N-substitu
amides present in the periphery of benzomacrocycles inv
preorganization leading to ionophoric selectivity[6]. The use
of some lipophilic diamides as ion carrier in the prepara
of ion-selective electrodes for Sr2+ [5,6] and other metal ion
[25,26]has been reported. Recently, we have used macro
ligands as suitable neutral carrier in PVC-based membrane
trode studies of different metal ions[27–31]. Due to lack o
efficient commercial strontium ion-selective electrode and
for a strontium-selective sensor for potentiometric monito

2+
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of Sr in different samples, we were interested in preparation
of PVC-based sensors for this cation. In this communication we
report PVC membrane sensors based on a macrocyclic diamide
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that exhibits significantly high selectivity to Sr2+ ion over other
metal ions.

2. Experimental

2.1. Reagents

Diethyloxalate and 1,3-phenylenediamine were procured
from E. Merck (Germany). MeOH was refluxed and distilled
over lime before use. High molecular weight PVC and ace-
tophenone (AP) was purchased from Ranbaxy (India). Sodium
tetraphenylborate (NaTPB) and tris(2-ethylhexyl)phosphate
(TEHP), BDH (England); dioctylphthalate (DOP), Acros organ-
ics (Belgium); andortho-nitrophenyloctyl ether (o-NPOE),
Sigma Aldrich, were used. Strontium(II) nitrate was obtained
from Merck. Metal salt solutions were prepared in doubly dis-
tilled water. Solutions of different concentrations were prepared
by diluting stock solution (0.1 M).

2.2. Synthesis of macrocycle (I)

A solution of diethyloxalate (2.92 g, 0.02 mol) was added to
a solution of 1,3-phenylenediamine (2.16 g, 0.02 mol) in MeOH
(20 cm3). The solution was then refluxed with stirring for 8 h.
The resulting product obtained on cooling was filtered off and
w 1:1
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reproducibility was assured by carefully following the optimum
conditions of fabrication.

2.4. Potential measurement

The prepared membranes were equilibrated for 3 days in
1.0× 10−1 M Sr2+ solution. All potential studies were carried
out at 25± 0.1◦C by using the following cell assembly:

SCE|test solution||PVC membrane||0.1 M Sr(NO3)2|SCE

Saturated Calomel Electrodes (SCE) were used as the reference
electrodes and the cell potentials were measured by varying the
concentration of Sr(NO3)2 in test solution in the range 1.0× 10
−7 to 1.0× 10−1 M.

3. Results and discussion

A number of PVC-based membrane electrodes of macro-
cyclic diamide (I) of different composition along with differ-
ent plasticizers were prepared and their potential response to
strontium was determined. It is well known that the membrane
composition and the nature of plasticizer influence the sensitiv-
ity and selectivity of an electrode[32–37]. The composition of
membranes with different plasticizers, performing best is given
along with their characteristics inTable 1. It is seen that the mem-
b the
w slope
w (I)
a as
a com-
p ibits
t
w
a
l ,
t n
o rac-
t

ashed with cold methanol. It was recrystallized from a
ixture of MeOH/CHCl3 and dried invacuo. The product ga
yield of 65%, M.P. 220◦C. 1H-NMR of the ligand gave
ultiplet atδ 7.22–7.81 ppm attributed to aromatic ring prot

8H), a broad singlet atδ 8.14–8.20 ppm attributed to –NH (4
rotons. Found: C 59.22%, H 3.5%, N 17.25; calc. C 59.2
3.7%, N 17.28. Mass (m/z): 324.

.3. Preparation of membrane

Varying amount of the ion-active phaseI, anion exclude
aTPB and an appropriate amount of PVC were dissolve
0 ml of THF and solvent mediators AP, DOP, TEHP ano-
POE were added to get membranes of different compos
he mixture was shaken vigorously with a glass rod and
olvent was allowed to evaporate. When the solution becam
ous, it was poured in an acrylic rings resting on a smooth
late. After 24 h colorless membrane of about 0.1 mm thick
ere obtained which were then cut to size and glued to
nd of a pyrex glass tube with araldite. The ratio of memb

ngredients, time of contact and concentration of equilibra
olution were optimized so that the membrane developed r
ucible, noiseless and stable potentials. Membrane to mem
,

.

-
s
s

-
e

rane witho-NPOE plasticizer performs best as it exhibits
idest working concentration range and near-Nernstian
ith low response time. The effect of macrocyclic diamide
mount (Fig. 1,Table 2) on the functioning of membrane w
lso investigated. It was found that the membrane having a
osition as I:NaTPB:NPOE:PVC as 8:4:200:120 (w/w) exh

he best results. Thus, sensor no. 4 responds to Sr2+ ions over a
ide concentration range of 3.98× 10−6 to 1.0× 10−1 M with
Nernstian slope of 29.0± 0.1 mV/decade of Sr2+ activity and a

imit of detection[38] as 2.82× 10−6 M. It is seen fromTable 2
hat the optimum amount ofI is 8 mg (Fig. 1). A further additio
f ionophore shows no significant improvement in the cha

eristics of the sensor.

Fig. 1. Electrode response with varying amount of ionophore (I).
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Table 1
Optimization of membrane ingredients

S. No. Composition of membrane (w/w) Working concentration range (M) Slope (mV/decade) Response
time (s)

Detection
limit (M)

I PVC NaTPB DOP AP o-NPOE TEHP

1 8.0 120 4.0 – – – – 1.0× 10−1 to 2.24× 10−4 41.0 45 1.78× 10−4

2 8.0 120 4.0 200 – – – 1.0× 10−1 to 2.51× 10−5 32.5 20 1.58× 10−5

3 8.0 120 4.0 – 200 – – 1.0× 10−1 to 5.01× 10−6 26.5 14 3.98× 10−6

4 8.0 120 4.0 – – 200 – 1.0× 10−1 to 3.98× 10−6 29.0 <10 2.82× 10−6

5 8.0 120 4.0 – – – 200 1.0× 10−1 to 2.24× 10−5 31.0 25 1.78× 10−5

Table 2
Effect of amount ofI on the response of Sr2+-selective electrode

S. No. Composition of membrane (w/w) Detection limit (M) Slope (mV/decade)

I PVC o-NPOE NaTPB

1 7.0 120 200 4.0 1.0× 10−1 to 1.0× 10−5 27.0
2 7.5 120 200 4.0 1.0× 10−1 to 7.08× 10−6 28.0
3 8.0 120 200 4.0 1.0× 10−1 to 2.82× 10−6 29.0
4 8.5 120 200 4.0 1.0× 10−1 to 3.16× 10−6 28.5
5 9.0 120 200 4.0 1.0× 10−1 to 4.46× 10−6 28.0

The response of the membrane electrode to different kinds
of plasticizers with varying dielectric constants was investi-
gated (Table 1,Fig. 2). Membrane no. 1 without any solvent
mediator exhibited a narrow working concentration range of
1.78× 10−4 to 1.0× 10−1 M with a super Nernstian slope of
41.0 mV/decade of concentration. Further it attains stable poten-
tial in 45 s at higher concentration and 65 s in lower concentra-
tion, i.e. below 1.0× 10−4 M. With the addition of plasticizer
significant improvement with regard to working concentration
range, slope and response time, was observed (Table 1,Fig. 3).
Thus, the addition of solvent mediators DOP (no. 1), AP (no.
2), o-NPOE (no. 4) and TEHP (no. 5) improved the response
characteristics of the membrane which showed a relatively

F ration
o (nos.
2

wider concentration range and the slope approached a Nernstian
value. The addition of AP ando-NPOE improved the working
concentration range and slope significantly giving a value of
5.01× 10−6 to 1.0× 10−1 M and 3.98× 10−6 to 1.0× 10−1 M
with slopes 26.5± 0.2 and 29.0± 0.1 mV/decade of concen-
tration, respectively. The addition of solvent mediator DOP
(no. 2) and TEHP (no. 5) exhibited a working concentration
range of 2.51× 10−5 and 2.24× 10−5 M with slopes 32.5± 0.2
and 31.0± 0.3 mV/decade of concentration, respectively. It is
apparent from theTable 1, that the membrane no. 4 witho-NPOE
as plasticizer performed the best. The result can be interpreted
in terms of polarity of the plasticizer.o-NPOE which has a high
dielectric constant (ε≈ 21.0) is more polar and favors the trans-

F arious
m

ig. 2. Plots showing variation of membrane potentials with the concent
f Sr2+ ions based on (I) without plasticizer (no. 1) and with plasticizers
–5).
ig. 3. Potential responses of ion-selective electrode based on (I) for v
etal ions.
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port of ions with higher charge density[39]. Thus, giving a better
response to Sr2+ ions than the other less polar plasticizers viz
AP (ε≈ 17.1), DOP (ε≈ 5.1) and TEHP (ε≈ 4.8).

The response time of the electrode was determined by mea-
suring the time required to achieve a 90% of the steady potential.
The results of response time are shown inTable 1. It is seen that
the membrane without the solvent mediator gave the response
time of 45 s. The response time improved significantly with the
addition of plasticizer. The best results were shown by sensor
no. 4 (<10 s) over the entire working concentration range. The
potentials remained constant for more than 4 min after which a
slow divergence was observed. Membrane nos. 2, 3 and 5 also
performed satisfactorily as the response time for these mem-
branes are 20, 14 and 25 s, respectively. The sensor could be
used over a period of 3 months without any divergence in the
potentials if stored in 0.1 M Sr2+ solution. After this period, a
slight change was observed in response time and slope that could
be corrected by re-equilibrating the membrane with 1.0 M Sr2+

solution for 2–3 days. During usage the membranes were stored
in 0.1 M Sr2+ solution.

The selectivity behavior is obviously one of the most impor-
tant characteristics of an ion-selective electrode. The potential
response of the membranes was determined as a function of
concentration not only of Sr2+ but many other ions and the
results obtained are shown inFig. 3. It is seen that the mem-
brane responds to Sr2+ ions best in terms of wide concentration
r nsor is
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Table 3
Selectivity coefficient values (KPot

Sr2+,B
) of various interfering ions for Sr2+-

selective membrane electrode no. 4 based onI at 1.0× 10−2 M

Interfering ion KPot
Sr2+,B

Li+ 5.4× 10−3

Na+ 2.5× 10−2

K+ 7.8× 10−2

Ag+ 7.1× 10−2

Mg2+ 5.2× 10−2

Ca2+ 3.8× 10−1

Ba2+ 3.4× 10−2

Hg2+ 4.8× 10−2

Pb2+ 4.1× 10−2

Cd2+ 5.8× 10−2

Cu2+ 6.9× 10−2

Mn2+ 7.4× 10−2

Co2+ 8.9× 10−2

Zn2+ 1.9× 10−3

Cr3+ 4.8× 10−3

Al3+ 6.7× 10−3

Fig. 4. Variation of membrane potential as a function of Sr2+ concentration in
the presence of different concentrations of Ca2+ ions.

Fig. 5. Effect of pH at 1.0× 10−2 and 1.0× 10−3 M Sr2+ solutions on the poten-
tial response of membrane no. 4.
ange, slope and response time. This type of response of se
pointer to high sensitivity and better selectivity of the elect

o Sr2+. The selectivity of sensor was quantified by determin
he selectivity coefficient by fixed interference method (F
40]. The selectivity coefficientKPot

A,B is calculated from the fo
owing equation:

Pot
A,B = aA

(aB)ZA/ZB

here,aA is the activity of primary ion;aB the activity of inter-
ering ion;ZA, andZB are their respective charges.

In this method a fixed concentration of interfering i
1.0× 10−2 M) and a varying concentration of Sr2+ ion
1.0× 10−1 to 1.0× 10−7 M) was used at pH 6.0. The selectiv
oefficients determined for different cations are given inTable 3
he selectivity coefficient data indicates that the ISE is sele

owards Sr2+ over a variety of ions including the transition me
ons, alkali metal and other alkaline metal ions. However, C2+

ay cause some interference as selectivity coefficient for2+

lightly higher. To have an actual idea of the levels of interfer
aused by Ca2+ ions, some mixed run studies were perform
41–43]. Fig. 4 shows that in presence of 1.0× 10−4 M Ca2+

ons, the sensor can be used to determine Sr2+ in the concentra
ion range 1.78× 10−5 to 1.0× 10−1M.

The performance of the electrode was also assessed
erent pH values. For this purpose the potential of senso

was determined at 1.0× 10−3 and 1.0× 10−2 M Sr2+ solu-
ion in the pH range 1.0–12.0. The pH was adjusted by u
iluted HCl and NaOH solution. The results obtained are g

n Fig. 5, which shows that the potential remains constant i
H range 2.5–10.4. Therefore, the working pH range for the
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Table 4
Performance of membrane no. 4 in partially non-aqueous media

Non-aqueous content (%v/v) Working concentration range (M) Slope (mV/decade activity)

0 1.0× 10−1 to 3.98× 10−6 29.0

Methanol
10 1.0× 10−1 to 3.98× 10−6 29.0
20 1.0× 10−1 to 3.98× 10−6 29.0
30 1.0× 10−1 to 4.14× 10−6 28.4
35 1.0× 10−1 to 7.92× 10−6 20.2

Ethanol
10 1.0× 10−1 to 3.98× 10−6 29.0
20 1.0× 10−1 to 3.98× 10−6 29.0
30 1.0× 10−1 to 4.18× 10−6 28.8
35 1.0× 10−1 to 7.97× 10−6 19.8

Acetone
10 1.0× 10−1 to 3.98× 10−6 29.0
20 1.0× 10−1 to 3.98× 10−6 29.0
30 1.0× 10−1 to 5.21× 10−6 28.2
35 1.0× 10−1 to 1.76× 10−5 21.0

Table 5
Comparison of the proposed Sr2+-selective electrode with the reported electrode

S. No. Ionophore Working concentration
range (M)

Slope/mV
(decade activity)−1

pH range Response
time (s)

Reference

1 Diamide with pyridine ring 2.0× 10−5 to 1.0× 10−2 29.0 3.0–11.5 NM [4]
2 Dibenzo-18-crown-6 5.0× 10−6 to 1.0× 10−1 28.0 2.0–6.0 25 [9]
3 4-t-Butyl calix[8]arene 2.0× 10−5 to 10× 10−1 31.3 2.4–4.8 15 [11]
4 Benzosubstituted diamide 3.2× 10−5 to 1.0× 10−1 28 2.0–6.0 10 [3]
5 Ester derivative of 4-t-butyl calix[8]arene 3.2× 10−5 to 1.0× 10−1 30.0 3.0–10.0 10 [12]
6 Modified calix[6]arene 1.9× 10−5 to 1.0× 10−1 30.0 3.0–10.0 10 [13]
7 Teraamide macrocycle 3.98× 10−6 to 1.0× 10−1 29.0 2.5–10.4 <10 Proposed electrode

sor is 2.5–10.4. Below and above these pH values sharp change
in potential was observed which may be due to co-transport of
H+ ions and the formation of SrOH+ ions[44].

The performance of the membrane sensor was also inves-
tigated in partially non-aqueous media using methanol–water,

Fig. 6. Titration curve of 8 ml of 1.0× 10−3 M Sr2+ solution with 1.0× 10−2 M
EDTA solution using membrane no. 4.

ethanol–water and acetone–water mixtures (Table 4). It was
observed that the sensor could tolerate up to 35% (v/v)
(methanol, ethanol, acetone) non-aqueous content as working
concentration range and slope remain unaltered. However, above
35% non-aqueous content, the potentials showed a drift with
time.

The analytical utility of the proposed membrane sensor was
further evaluated as an indicator electrode by carrying out poten-
tiometric titration of 8 ml of 1.0× 10−3 M Sr2+solution with
a 1.0× 10−2 M EDTA solution. The titration plot is shown in
Fig. 6. As it can be seen, the amount of Sr2+ ions in solution can
be accurately determined with the proposed electrode.

4. Conclusion

Among the various PVC-based membranes prepared using
the tetraamide macrocycle 5,7,12,14-dibenzo-2,3,9,10-tetraoxa-
1,4,8,11-tetraazacyclotetradecane (I) as ionophore and differ-
ent plasticizers, it is found that the membrane witho-NPOE
plasticizer having a composition 8:4:200:120 (I:NaTPB:o-
NPOE:PVC) gives the best performance. Its performance is
compared with reported electrodes (Table 5) where it is seen
that it is comparable to reported electrodes in many respects
and shows significant superiority over them in terms of wide
concentration range. Thus, the sensor prepared is an advance-
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ment over the reported systems and can be used for strontium
determination both by direct potentiometry and potentiometric
titration.
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