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a b s t r a c t

An all-solid-state electrode, containing a synthesized chiral A2B2 macrocyclic compound
namely (4R,5R,15R,16R)-4,5,15,16-tetraphenyl-3,6,14,17-tetraazatricyclo [13.3.1.18,12] tetracosa-
1(23),8,10,12(24)19,21-hexaene-2,7,13,18-tetrone as an ionophore in polyvinyl chloride
(PVC)/polyurethane (PU) membrane matrix, has been developed for the selective quantification of
monohydrogen phosphate ions. The best performing membrane contained PVC, PU, ionophore, and
eywords:
onophore

onohydrogen phosphate
ll-solid-state-membrane electrode
otentiometric titration

nitrophenyl octyl ether as a plasticizer in the ratio 32.2:2.6:65.1 (w/w, %). It exhibited a near-Nernstian
slope of 31.0 ± 1.0 mV/decade of activity for HPO4

2− ions in the concentration range of 1.0 × 10−6 to
1.0 × 10−2 M at pH 7.4. The detection limit of the electrode was 8.4 × 10−7 M and the life time was six
weeks. The electrode displayed excellent selectivity for monohydrogen phosphate over other anions and
the selectivity sequence was determined as HPO4

2− > SO4
2− > Ac− > NO3

− > ClO4
− > Cl− > I−. The selective

droge
the s
on-selective electrode
nion sensor

electrode for the monohy
1548) and the titration of

. Introduction

The monitoring of phosphate concentration levels finds its
pplications in wide areas of science. It includes analytical
hemistry, clinical chemistry, pharmacology, and environmental
hemistry. Phosphorous exists in living organisms mostly in the
orm of phosphate ions. For example, phospholipids such as lecithin
nd cephalin are the major components of cell membranes [1].
denosine triphosphate (ATP) is responsible for all energy produc-

ion and storage processes within the body [2]. DNA and RNA also
re the long chains of phosphorous containing molecules. Phospho-
ous is essential in chemical processes involved in the utilization
f carbohydrates and fats [3]. It liberates their energy at the rate,
emanded by the body. In combination with calcium, it feeds the
erves and also aids the growth of hair, helps counteract fatigue,
egular functioning of heart, and for normal kidney functioning. It
elps in regulating the acid alkaline balance of the blood which is
ital for the maintenance of health. Its deficiency can cause exces-

ive weight loss, retarded growth, poor mineralization of bones and
eeth, and reduced activity of nerves and brain function [4]. Thus,
t is essential to monitor the concentration of phosphate in various
reas.

∗ Corresponding author. Tel.: +82 51 510 2244; fax: +82 51 514 2430.
E-mail address: ybshim@pusan.ac.kr (Y.-B. Shim).

1 Present address: Department of Chemistry, Maharishi Markandeshwar Univer-
ity, Ambala, Haryana, India.

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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n phosphate ions was evaluated with a standard reference material (SRM
ample solution.

© 2010 Elsevier B.V. All rights reserved.

There are many techniques available for the determination of
phosphate ions. Most common are spectroscopic methods which
involve the formation of molybdenum blue [5]. This system is com-
plicated and remains unsuitable for the application to automated
sensing and feed back control. Another technique, the automated
flow analysis [6] is expensive in labor, and equipment, and produces
toxic laboratory waste. Besides, these methods need large infras-
tructure back up, and are time consuming. Therefore, a reliable,
robust, low cost, and quick analytical technique is highly desirable,
and such requirements are greatly met with ion sensors. Numerous
phosphate selective potentiometric electrodes have been reported
in the literature. A variety of active materials have been used to
develop these electrodes [7–10]. The earliest reported bivalent
phosphate electrode was based on the ion exchange membrane
containing amine chloride [11]. Tin (IV) complexes were among the
early compounds to be investigated as ionophores in the polymer
membrane based electrodes. The derivatives of dibenzyltindichlo-
ride [12] and multidentate-tin (IV) carrier [13] have also been
used for the development of dibasic phosphate ion-selective elec-
trodes. Binuclear organotin compounds were also explored later
[14]. These electrodes exhibited high sensitivity towards HPO4

2−

ions but poor selectivity and short life time due to the hydroly-
sis of the ion-carrier in the membrane phase. Uranyl salophanes

were also successfully used as ionophores in the PVC matrix mem-
brane electrodes [15–17]. These electrodes suffered with short
life time. Cyclic polyamines like 3-decyl-1,5,8-triazacyclodecane-
2,4-dione [18,19] have been used as a carrier in polymeric
membranes to obtain highly sensitive and selective electrodes for
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Fig. 1. Chemical structure of the chiral A2B2 ionophore.

PO4
2− ions. A ferrocene bearing macrocyclic amide compound-

ased sensor has shown a narrow linear working concentration
ange of 1.0 × 10−2 to 1.0 × 10−5 M [20]. Besides these, various
ypes of electroactive compounds such as heterocyclic macro-
ycle; 3-allyl-1,5,8-triazacyclodecane-2,4-dione [21], macrocycles
22], zwitterionic bis(guanidinium) ionophore bearing an anionic
omplex organoborane compound [23], bis-thiourea [24], urea
r thiourea-functionalized calix[4]arenes [25], and macrocyclic
ithioxamide receptor [26] based electrodes have been developed
or the selective quantification of HPO4

2− ions.
Most of these potentiometric ion-selective electrodes are based

n the polymeric membranes that use an inner reference solution.
he presence of liquid inside the electrode imposes a number of
imitations for their applications. It includes the need to work in
ertical position, loss of internal reference solution due to evapora-
ion, and leakage of inner solution, and maintenance requirements.
lso, for robustness and miniaturization, it is desirable to eliminate

he liquid phase of inner reference solution from the conven-
ional electrochemical cells to enhance their practical suitability
or medicinal, biological sciences and technology, and in vivo
xperiments [27–29]. All-solid-state ion-selective polymeric mem-
rane electrodes as well as ISEs containing hydrogels as the inner

ayers are of special interest because they are free from the
bove limitations. To our knowledge, there is only one all-solid-
tate monohydrogen phosphate selective electrode, reported till
ate [17]. This electrode exhibits a narrow linear range between
.0 × 10−4.5 and 1.0 × 10−1 M, and very short life time which con-
traint its suitability for real applications. Therefore, an all solid
lectrode phosphate selective electrode is the need of the day.

In the present work, we report for the first time a better perform-
ng all-solid-state ISE (ASISE) for monohydrogen phosphate ions,
xhibiting a wide linear range with a long life span. Macrocyclic
inireceptor (I) was synthesized starting from isophthaloyl chlo-

ide and a chiral diphenylethyldiamine [30]. The electrode has been
abricated by using a newly synthesized macrocyclic ionophore
Fig. 1). The selectivity coefficients of the electrode were measured
or a number of common anions such as acetate, chloride, nitrate,
ulfate, chlorate, and iodide. The experimental response curve was
btained by using a 0.05 M phosphate solution with varying pH and
ompared with the predicted response curve. The optimized ASISE
as successfully used as an indicator electrode in the potentiomet-

ic titration of phosphate ions against the standard barium chloride
olution as well as to determine the concentration of phosphate
ons in the standard reference material (SRM 1548).

. Experimental
.1. Synthesis of ionophore

Isophthalic acid (0.4 g, 2.4 mM) in 10 ml of SOCl2 was refluxed
or 6 h. The excess SOCl2 was removed under reduced pressure
nd the residue was directly used in the next step without any
 (2010) 1107–1112

further purification. The obtained residue was mixed with commer-
cially available, chiral 1,2-(R,R)-diphenylethylenediamine (0.5 g,
2.36 mM), dissolved in 400 ml of THF, and the mixture was stirred
at room temperature. After 5 min diisopropylethylamine (0.8 ml,
4.7 mM) was added to the mixture. Isophthaloyl chloride (0.48 g,
2.4 mM), diluted in 200 ml of THF, was slowly added to the mix-
ture at 0 ◦C and stirred at room temperature for 24 h. The reaction
mixture was washed with 0.1 M HCl followed by brine solution.
The organic layer was then dried over anhydrous sodium sulfate,
concentrated under reduced pressure and purified on silica gel
chromatography (ethylacetate:hexane; 1:1) to give the chiral A2B2
product with a 36% yield. 1H NMR (200 MHz, DMSO) ı 5.49–5.52
(d, 4H), 7.15–7.33 (dd, 20H), 7.51 (t, 2H), 7.75 (d, 4H), 8.38 (s, 2H),
9.22 (d, 4H).

2.2. Reagents and instrumentation

Bis(1-butylpentyl)adipate (BBPA), and tridodecylmethyl ammo-
nium chloride (TDMACl) were purchased from Fluka (Switzerland),
2-nitrophenyl octyl ether (NPOE) from Aldrich (USA), and bis(2-
ethylhexyl)adipate (DOA) from Wako (Japan). High molecular
weight poly vinyl chloride (PVC), and HEPES buffer were pur-
chased from Sigma (USA) and polyurethane (PU) was purchased
from Thermedics (USA). SRM 1548, Total Diet, was obtained from
US Department of Commerce, National Institute of Standards and
Technology, Gaithersburg. The solvent tetrahydrofuran (THF) was
purchased from Kanto Chemical Co. (Japan). Perchlorate, nitrate,
chloride, iodide, acetate, and sulfate solutions were prepared from
sodium or potassium salts. Aqueous solutions were prepared with
deionized water (18 M� cm). Muffle furnace from Young Ji Med.
Lab. Co., South Korea, and pH meter, model 520A from Orion, were
used during the experiments. Potential studies were carried out
with a 15 channel pH/Ion meter KST101 (Kosentech. Co., Korea).

2.3. Electrode preparation

Two types of polymer matrix namely PVC and PU were used
for the preparation of the electrode membranes and the obtained
electroanalytical data were compared to select the better mem-
brane composition. A number of electrodes were prepared with
different membrane compositions to ensure the development of
the best performing electrode. Varying amounts of the ionophore,
25 mg of PVC/PU, and 50 mg of solvent mediator NPOE, were mixed
in 1 ml of THF. The solution was shaken vigorously for about 8 h in
a shaker to get a homogeneous solution. The polymer membrane
was prepared by dropping 10 �L of the membrane solution cocktail
on a thoroughly cleaned and polished carbon electrode and evap-
orating the solvent 24 h in a closed cabinet at room temperature.
The electrode was finally conditioned for one day by soaking it in a
1.0 × 10−2 M K2HPO4 solution (pH 7.4).

2.4. EMF measurements

The electrochemical cell used for the potential measurement
was composed as follows: Ag/AgCl (sat’d KCl)//sample solu-
tion//solid membrane on a carbon rod. Despite the utmost care
taken during the preparation of membranes, the thickness and the
internal resistance of the resulting membranes varied in each case.
Since the standard potentials between electrodes were different,
the normalization of the potentials was necessary to allow com-
parisons of the electrode responses. The potential for each test

electrode in a blank solution was set to 0 mV. Standard monohy-
drogen phosphate solutions were prepared by serial dilution of a
0.1 M K2HPO4 solution and then titrated with KOH to pH 7.4. The
pH of the solutions under investigation was continuously mon-
itored and maintained throughout. The phosphate activity was
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as well as the plasticizers, significantly affect the sensitivity, and
the selectivity of the ion-selective electrode. The effect of the addi-
tion of these membrane ingredients was investigated by preparing
a number of electrode membranes having different compositions.
Fig. 2. The energy-minimized structure of t

erived from the Debye-Hückel limiting law. These were calcu-
ated using the total phosphate concentration, the pH of standard
olution, the equilibrium constant of different phosphate species
nd the ionic strength. The selectivity coefficients of electrode for
he monohydrogen phosphate ion with respect to other anions
ere determined with the separate solution method using 10−2 M

oncentration of interfering ions. All solutions used for the deter-
ination of selectivity coefficient values were adjusted to pH

.40 ± 0.02. The detection limit for monohydrogen phosphate was
etermined by the IUPAC recommended method [31].

. Results and discussion

.1. Interaction between ionophore and monohydrogen
hosphate ions

Ion sensors for hydrophilic ions, e.g. phosphate or sulfate ions
re usually based on ion exchangers [32]. In order to prepare a
ensor for these ions, the membrane should contain ionophore
olecules which must be capable to bind these ions specifically.
eutral anion ionophores containing hydrogen bond forming moi-
ties or immobilized Lewis acidic binding sites can be applied for
his purpose. It is especially challenging to achieve the useful selec-
ivity for a strongly hydrophilic anion, particularly in the phosphate
pecies, since their unfavorable standard free enthalpies transfer
rom samples to ISE membranes have been overcompensated by
elective complexation [33]. Fig. 2 shows the energy-minimized
tructure of polyamide–HPO4

2− complex. The optimum location of
aptured HPO4

2− ion was the centre of the cavity, which allowed
t to form hydrogen bonds with four hydrogen atoms present at
he cavity of the polyamide. The formed hydrogen bonds between
PO4

2− and hydrogen atoms of the polyamide have the short
–O· · ·H distances, which are as follows: (a) P–O· · ·H = 1.933 Å, (b)
–O· · ·H = 1.946 Å, (c) P–O· · ·H = 1.979 Å, (d) 1.949 Å. These bond
engths confirm the formation of hydrogen bonds between oxy-
en atoms of the monohydrogen phosphate ion and the hydrogen
toms at the polyamide cavity. This is further confirmed as the
ensor exhibited highly selective behavior towards monohydrogen
hosphate ions.

.2. Characterization of the electrode response

The ionophore based membrane electrode showed a linear
otentiometric response towards phosphate ions with an average
lope of 31.0 ± 1.3 mV/decade of activity (Fig. 3). The pHs of solu-
ions were adjusted to 7.4 in all the experiments. Although the value
f slope itself suggests that the electrode is responding towards
ivalent monohydrogen phosphate ions with a near-Nernstian
lope. However, only the slope is not sufficient for the confirma-

ion because it can also be assumed that the electrode is showing a
oor response towards H2PO4

− ions with a sub-Nernstian slope.
he distribution of phosphate species is pH dependant; there-
ore, the relative amount of one phosphate species in a solution
ncreases and the other form decreases as the pH of the solution
ophore and monohydrogen phosphate ion.

is varied. A method of varying the pH while keeping the total con-
centration of anion being measured unchanged, was adopted to
determine which of the phosphate species is actually being sensed
by the electrode [18]. This method was employed by monitoring
the response of the electrode in a solution containing 0.5 mM total
phosphate ion concentration at varied pH. At the lower pH, the
monovalent dihydrogen phosphate form is dominant but as the
pH approaches to neutral, the H2PO4

− form changes into HPO4
2−

and therefore, the divalent monohydrogen form becomes preva-
lent. The pH of the phosphate solution was varied from 5.0 to 11.0
and the potential changes were measured. Fig. 4 shows the result-
ing potential responses of the electrode based on the ionophore as
a function of pH. It suggests that the electrode is non-responsive
when pH of the standard phosphate solution remains near 5.0, i.e.
when H2PO4

− is dominantly present. As soon as the pH increased
above 7.0, electrode shows a steady and stable response. It may be
attributed towards the presence of HPO4

2− ions which are formed
by the conversion of H2PO4

− into the HPO4
2− form. By considering

the near-Nernstian slope value of the electrode and its response
towards the pH variation, it is concluded that the electrode is
responding towards dibasic phosphate ions.

3.3. Optimization of the electrode composition

It is well established that the nature and amount of ionophore
Fig. 3. Potentiometric response of the ionophore containing ISEs towards different
anions.
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Table 1
Composition of the response characteristics of the electrodes.

Electrode no. PU PVC (I) Plasticizer Slope (mV/decade) Linear range (M) Response time (s)

1 33.2 – 1.0 NPOE: 65.8 17.0 ± 2.5 1.0 × 10−4 to 1.0 × 10−1 70
2 33.2 – 2.0 NPOE: 64.8 28.8 ± 1.3 1.0 × 10−5 to 1.0 × 10−1 50
3 33.2 – 3.0 NPOE: 63.8 23.3 ± 1.7 1.0 × 10−5 to 1.0 × 10−1 50
4 33.2 – 2.0 DOA: 64.8 27.7 ± 2.1 1.0 × 10−5 to 1.0 × 10−1 75
5 33.2 – 2.0 BBPA: 64.8 26.0 ± 0.5 1.0 × 10−5 to 1.0 × 10−1 75
6 – 32.2 2.6 NPOE: 65.1 31.0 ± 1.0 1.0 × 10−6 to 1.0 × 10−2 5
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7 – 33.2 2.0 DOA: 64.8
8 – 33.2 2.0 BBPA: 64.8

ll determinations were carried out 3 times.

nly the best performing membrane compositions, and the results
btained for them are presented in Table 1. In the case of PU matrix,
he membranes containing 2.0 wt% of the ionophore (electrode
o. 2) showed the near-Nernstian slope (28.8 ± 1.3 mV/decade)
ithin the concentration range of 1.0 × 10−5 to 1.0 × 10−1 M. This

s not similar to the ISE containing 1.0 wt% of ionophore (electrode
o. 1) and 3.0 wt% of ionophore (electrode no. 3) which showed
sub-Nernstian slope in the concentration range of 1.0 × 10−4

o 1.0 × 10−1 M. This was obviously due to the decreased num-
er of active sites at <2.0 wt%, and some inhomogenities in the
embrane at >2.0 wt%. Among three plasticizers having different

olarities, the most polar one, NPOE, was the most effective in
omparison with DOA (electrode no. 4) and BBPA (electrode no.
). This indicates the effect of plasticizer on the dielectric constant
f the membrane as well as on the mobility of the ionophore and
ts complex. For PVC matrix membranes, a similar pattern was
bserved. The membranes prepared with DOA, and BBPA plas-
icizers (electrode nos. 7, and 8) exhibited the narrow working
oncentration range of 4.8 × 10−6 to 1.0 × 10−3, and 1.0 × 10−6

o 1.0 × 10−3 M respectively. The electrode no. 6, having a mem-
rane composition of 2.6:32.2:65.1 (ionophore:PVC:NPOE) wt%,
hown the widest working concentration range of 1.0 × 10−6 to
.0 × 10−2 M with a sub-Nernstian slope of 28.0 ± 1.0 mV/decade of
ctivity. This may be due to the high polarity of NPOE, which facil-
tates the complex formation between ionophores and the anion.
t is important to emphasize that the addition of lipophilic cation
dditive, tetradodecyl ammonium chloride showed little effect on
he response characteristics of the proposed electrode. The slope

f the potential response curve for the TDMACl containing elec-
rode was improved to Nernstian value. The electrode with the
omposition ionophore/PVC/TDMACl/NPOE exhibited a slope of
1.0 ± 1.0 mV/decade of activity.

ig. 4. A response curve for HPO42− solutions containing 0.05 M total phosphate
oncentration at different pHs.
24.6 ± 1.0 4.8 × 10−6 to 1.0 × 10−3 20
33.0 ± 0.5 1.0 × 10−6 to 1.0 × 10−3 15

3.4. Response time and stability

Response times of the electrodes were determined by mea-
suring the time required to achieve a steady potential when the
concentration of HPO4

2− increased from 1.0 × 10−5 to 1.0 × 10−4 M.
All the electrodes containing PU as a matrix exhibited compara-
tively higher response time than the PVC based electrodes. It seems
that PVC is more compatible with plasticizers and forms a homo-
geneous solution when mixed together. On the other hand, PU
based membranes were found to be mechanically more stable and
long lasting but their response times were longer than that of PVC
based membranes. Electrode no. 6 using PVC exhibited the quick-
est response with the response time of 5 s (Table 1). The response
behavior of the membrane electrodes remained unchanged when
the potentials were recorded either from higher to lower concen-
tration or vice versa.

The life span of membrane electrodes was studied by monitor-
ing the change in the electrode slope and the linear response range
according to time. The electrode did not show significant changes
either in the slope or in the working concentration range for over
two months which is much better than PVC based electrodes. The
longest life time of PVC based electrode was recorded for electrode
no. 6 as six weeks which is much lower than any of the PU based
electrodes. The electrodes were stored in a 10−2 M HPO4

2− solution
(pH 7.4) between experiments. The standard deviation of potentials
for 10 measurements at a fixed concentration of 1.0 × 10−4 M was
found to be ±1.0 mV. After careful examination of all the response
characteristics of PU as well as PVC based electrodes, only PVC based
electrodes were found suitable for further studies. Out of all the pre-
pared electrodes, the electrode no. 6 remained the best performing
electrode as it exhibited the widest working concentration range,
lowest response time, and the stable potential response. Therefore,
the same was chosen for further studies.

3.5. Selectivity

When analyzing real samples with ISEs, the response of the
electrode to the primary ion can be affected by the presence of
other ions of the similar charge. The influence of interfering ions
on the response behavior of ISEs is usually described in terms of
log values of selectivity coefficients; Kij

Pot. The selectivity coeffi-
cients were obtained by the separate solution method [31] using
10−2 M concentration of the expected interfering anions (Fig. 5).
Electrode no. 6 displays the better selectivity when compared with
electrode nos. 7, and 8. The observed selectivity coefficients for
OAc− −3.15, NO3

− −3.31, ClO4
− −3.78, Cl− −3.80, I− −4.30, and

SO4
2− −2.51 are significantly lower, which indicate the high selec-

tivity of the electrode for monohydrogen phosphate ions over these

anions. The selectivity sequence for this electrode was observed as
HPO4

2− > SO4
2− > OAc− > NO3

− > ClO4
− > Cl− > I−, which is not con-

sistent with the Hofmeister series. This anti-Hofmeister selectivity
response pattern clearly reveals the mechanism of recognition of
HPO4

2− which takes place via hydrogen bonds of the ionophore
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Table 2
Comparison of potentiometric selectivity coefficients, obtained for electrode no. 6, with the existing monohydrogen phosphate selective electrodes.

Interfering ion, j. Present work Ref. [23] Ref. [14] Ref. [12] Ref. [20] Ref. [15] Ref. [21] Ref. [26]

OAC− −3.15 −1.4 −3.2 −2.3 −1.66 NMa NM −1.5
Cl− −3.8 −0.5 −3.0 −2.5 −2.92 −1.8 −1.0 −2.0
NO3

− −3.31 +4.1 −2.4 −1.7 −2.19 −1.3 −0.3 −2.3
− −0.6 −1.26 NM −0.2 −2.4

NM NM NM NM −2.3
NM −1.45 −2.3 NM −1.8
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I −4.3 +8.8 −0.04
ClO4

− −3.78 +13 NM
SO4

2− −2.5 −1.8 −4.3

a Not mentioned.

Fig. 1). The selectivity coefficients obtained for the proposed elec-
rode are compared with earlier reported phosphate ion-selective
lectrodes (Table 2). It shows that the proposed phosphate ion-
elective electrode displays comparable [13,19] and even better
electivity than some of the previously reported phosphate ion-
elective electrodes [11,14,20,22,25,26].

.6. Analytical applications

Standard reference material, SRM 1548, a complex mixture of
ifferent foods which represents the daily intake, was selected for
he real sample analysis. 1.0 g of homogenized sample was weighed
nto acid cleaned and thoroughly washed and completely dried
uartz tube and placed into a muffle furnace. The temperature was
aised slowly to 480 ◦C and sample was kept overnight [34]. The
btained ash was treated with 1 ml concentrated nitric acid and
hen dried completely on a heating block. It was placed again into
he muffle furnace at 480 ◦C overnight. The sample ash was diluted
o a final volume of 25 ml by adding deionized water. pH of the
btained solution was adjusted to 7.4 and the potential response
as recorded. The results exhibited that the phosphorous con-

entration present in the test sample was 3000 mg/kg which is
n the close agreement with the standard value, i.e. 3240 mg/kg
Certificate of Analysis, Standard Reference Material 1548, National
nstitute of Standards and Technology, 1991). The test sample anal-
sis results were recorded on different days by using the same
lectrode, and same test sample. The standard deviation for 10
easurements was determined as 2.4 ± 0.1 which suggests that the

esults obtained by using the prepared electrode are satisfactorily
eproducible and reliable.

In addition, the electrode could be successfully used as an indi-

ator electrode to determine the end point in the potentiometric
itration of phosphate with a standard barium chloride solution.

20 ml of 1.0 × 10−4 M phosphate solution was titrated against a
.0 × 10−2 M barium chloride solution. The phosphate content of
he final solution was determined by the sensor using the calibra-

ig. 5. Selectivity coefficients for HPO4
2− ions determined by the separate solution

ethod at pH 7.4 using 10−2 M interfering anions.
Fig. 6. A potentiometric titration curve obtained for a 20 ml of 1.0 × 10−4 M HPO4
2−

solution against the standard 1.0 × 10−2 M Ba2+ ion solution.

tion curve (Fig. 6). A sigmoid curve showed the break end point
corresponding to the stoichiometry of barium phosphate, suggest-
ing that the electrode can be used as an indicator electrode for the
determination of barium ion concentration.

4. Conclusion

An all-solid-state monohydrogen phosphate ion sensor has been
developed by using a newly synthesized macrocyclic polyamide,
as an ionophore in polyvinyl chloride (PVC) membrane matrix.
It exhibited a near-Nernstian response in a wider linear range.
The detection limit of the electrode was 8.4 × 10−7 M. It is free
from the interference due to the presence of the common biva-
lent and monovalent ions and shows highly selective response
towards HPO4

2− ions. It could be successfully used as an indicator
electrode for the end point determination in the potentiometric
titration of phosphate solution against standard barium chloride
solution as well as to determine the concentration of phosphate in
the standard reference material. Apart from being an advantageous
all-solid-state electrode, it exhibited better response time, work-
ing concentration range, and life time than many of the existing
electrodes.

Acknowledgement

This work was supported by Basic Science Research Program
through the National Research Foundation (NRF), Ministry of Edu-
cation, Science and Technology, Korea (grant no. 2009-0079376).
References

[1] J.M. Berg, J.L. Tymoczko, L. Stryer, Biochemistry, 5th ed., W.H. Freeman, New
York, 2002.

[2] S.N. Jackson, H.J. Wang, A. Yergey, A.S. Woods, J. Proteome Res. 5 (2006)
122–126.



1 nta 82

[
[
[
[
[

[

[

[

[

[

[
[

[
[
[

[

[
[

[

[
[

112 P. Kumar et al. / Tala

[3] S.D. Galloway, M.S. Tremblay, J.R. Sexsmith, C.J. Roberts, Eur. J. Appl. Physiol.
72 (1996) 224.

[4] C.K. Methews, K.E. van Holde, Biochemistry, The Benjamin/Cummings Publish-
ing Company, CA, 1990.

[5] Z. Marcznko, Separation, Spectrophotometric Determination of Elements, 2nd
ed., Halsted Press, 1986.

[6] J.M. Estela, V. Cerda, Talanta 66 (2005) 307.
[7] P.D. Beer, P.A. Gale, Angew. Chem. -Int. Ed. 40 (2001) 486–516.
[8] J.H. Shim, I.S. Jeong, M.H. Lee, H.P. Hong, J.H. On, K.S. Kim, H.S. Kim, B.H. Kim,

G.S. Cha, H.H. Nam, Talanta 63 (2004) 61.
[9] P. Buhlmann, E. Pretsch, E. Bakker, Chem. Rev. 98 (1998) 1593–1687.
10] F.P. Schmidtchen, M. Berger, Chem. Rev. 97 (1997) 1609–1646.
11] I. Nagelberg, L.I. Braddock, G.J. Barbero, Science (1969) 1403–1404.
12] S.A. Glazier, M.A. Arnold, Anal. Chem. 63 (1991) 754–759.
13] N.A. Chaniotakis, K. Jurkchat, R.R. uhlemann, Anal. Chim. Acta 282 (1993) 345.
14] D. Liu, W.C. Chen, R.H. Yang, G.L. Shen, R.Q. Yu, Anal. Chim. Acta 338 (1997)

209–214.
15] M.M. Antonisse, B.H.M. Snellink-Ruel, J.F.J. Engbersen, D.N. Reinhoudt, Sens.
Actuator B: Chem. 47 (1998) 9.
16] W. Wroblewski, K. Wojciechowski, A. Dybko, Z. Brzozka, R.J.M. Egberink, B.H.M.

Snellink-Ruel, D.N. Reinhoudt, Anal. Chim. Acta 432 (2001) 79.
17] J.H. Kim, D.M. Kang, S.C. Shin, M.Y. Choi, J.E. Kim, S.S. Lee, J.S. Kim, Anal. Chim.

Acta 614 (2008) 85–92.
18] C.M. Carey, W.B. Riggan, Jr., Anal. Chem. 66 (1994) 3587–3591.

[

[
[
[

 (2010) 1107–1112

19] Y.L. Zhang, J. Dunlop, T. Phung, A. Ottova, H.T. Tien, Biosens. Bioelectron. 21
(2006) 2311–2314.

20] W. Liu, X. Li, M. Song, Y. Wu, Sens. Actuator B: Chem. 126 (2007) 609–615.
21] T.L. Goff, J. Braven, L. Ebdon, D. Scholefield, Anal. Chim. Acta 510 (2004)

175–182.
22] K. Choi, A.D. Hamilton, J. Am. Chem. Soc. 123 (2001) 2456–2457.
23] M. Fibbioli, M. Berger, F.P. Schmidtchen, E. Pretsch, Anal. Chem. 72 (2000) 156.
24] S.B. Nishizawa, P. Bühlmann, K.P. Xiao, Y. Umezawa, Anal. Chim. Acta 358 (1998)

35.
25] F. Kivlehan, W.J. Mace, H.A. Moynihan, D.W.M. Arrigan, Anal. Chim. Acta 585

(2007) 154–160.
26] A.K. Jain, V.K. Gupta, J.R. Raisoni, Talanta 69 (2006) 1007–1012.
27] M.A. Rahman, D.S. Park, S.C. Chang, C.J. McNeil, Y.-B. Shim, Biosens. Bioelectron.

21 (2006) 1116–1124.
28] M.J.A. Shiddiky, M.A. Rahman, J.S. Park, Y.-B. Shim, Electrophoresis 27 (2006)

2951–2959.
29] N.-H. Kwon, K.-S. Lee, M.-S. Won, Y.-B. Shim, Analyst 132 (2007) 906–912.
30] F. Gasparrini, D. Misiti, M. Pierini, C. Villani, Org. Lett. 24 (2002) 3993–3996.

31] G.G. Guibaultt, R.A. Durst, M.S. Frantt, H. Freiser, E.H. Hansen, T.S. Light, E. Pun-

gor, G.A. Rechnittz, N.M. Rice, T.J. Bohm, W. Simon, J.D.R. Thomas, Pure Appl.
Chem. 48 (1976) 127.

32] R.W. Cattrall, Chemical Sensors, Oxford University Press Inc., New York, 1997.
33] S.L. Tobey, E.V. Anslyn, J. Am. Chem. Soc. 125 (2003) 14807–14815.
34] N.J. Miller-Ihli, J. Agric. Food Chem. 44 (1996) 2675–2679.


	An all-solid-state monohydrogen phosphate sensor based on a macrocyclic ionophore
	Introduction
	Experimental
	Synthesis of ionophore
	Reagents and instrumentation
	Electrode preparation
	EMF measurements

	Results and discussion
	Interaction between ionophore and monohydrogen phosphate ions
	Characterization of the electrode response
	Optimization of the electrode composition
	Response time and stability
	Selectivity
	Analytical applications

	Conclusion
	Acknowledgement
	References


