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Abstract

A novel bromide ion-selective PVC membrane sensor based on 2,3,10,11-tetraphenyl-1,4,9,12-tetraazacyclohexadeca-1,3,9,11-tetraene
zinc(Il)complex (I) as carrier has been developed. The electrode exhibited wide working concentration range 2.2 x 107 to 1.0 x 10~' M and
a limit of detection as 1.4 x 107°M with a Nernstian slope of 59.240.5mV per decade. The response time of electrode was 20's over entire
concentration range. The electrode possesses the advantages of low resistance, fast response and good selectivities for bromide over a variety of
other anions and could be used in a pH range of 3.5-9.5. It was successfully used as an indicator electrode in the potentiometric titration of bromide
ions with silver ion and also in the determination of bromide in real samples.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The quick determination of trace quantities of ionic species,
by simple methods, is of special interest in analytical chemistry.
Ion selective electrodes based on solvent polymeric membranes
with incorporation of ion carriers are shown to be very use-
ful tools for chemical, clinical and environmental analyses as
well as in process monitoring [1-3]. In addition to the cation-
selective electrodes, recently the design and synthesis of sensory
molecules for anion-selective electrodes has become challeng-
ing subject [4]. The ion-selective electrodes usually reported
have been mainly based on lipophilic cationic salts, quaternary
ammoniums, organometallic compounds, Vitamin B, deriva-
tives and metalloporphyrins, Schiff base complexes.

Bromide ion has an important role in biological systems.
Blood biochemistry shows interference of bromide ions with
serum chloride resulted in spurious hyperchloremia with a neg-
ative anion gap and can cause epilepsy [5-7]. Bromide ion-
selective electrode is used to determine bromide concentration
in patient with epilepsy and hyperchloremia [8,9]. The use of
bromide sensor is also useful for detecting low levels bromide
concentration in wine samples [10].
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A simple, cheaper and convenient method with fast response
is required for analysis of large number of environmental and
other samples. The analysis by ion-selective sensor provides
such procedures. Efforts to develop bromide ion selective sen-
sors were initiated but so far only few selective bromide ion
sensors are reported [11-17], which suffers from various limita-
tions. It is, therefore, still desirable to continue efforts to make
available sufficiently selective and sensitive bromide ion sensor
with low detection limit. The problem with regard to such devel-
opment is non-availability of ionophores shows high affinity to
bromide ion. Therefore, in this paper we employed a zinc com-
plex of 2,3,10,11-tetraphenyl-1,4,9,12-tetraazacyclohexadeca-
1,3,9,11-tetraene (I), as an excellent ion carrier to construct a
highly selective electrode for potentiometric determination of
bromide ion.

2. Experimental
2.1. Reagents

Reagent grade dibutyl phthalate (DBP), tri-n-butyl phosphate
(TBP), benzil acetate (BA), ortho-nitrophenyloctyl ether (o-
NPOE) from Aldrich and 1,4-diaminobutane, benzil, ethanol
and Zn(ID)acetate dihydrate, tetrahydrofuran (THF), high molec-
ular weight PVC, hexadecyl trimethylammonium bromide
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(HTAB), sodium salts of all anions from Merck were purchased
and used without any further purification. Doubly distilled water
was used throughout.

2.2. Synthesis of macrocycle complex

The zinc complex of 2,3,10,11-tetraphenyl-1,4,9,12-
tetraazacyclohexadeca-1,3,9,11-tetraene (I) was synthesized
by dissolving 1,4-diaminobutane (5.025ml, 0.05mol),
Zn(IT)acetate dihydrate (2.24 ml, 0.025 mol) in 50 ml of dis-
tilled methanol in a 250 ml round bottom flask. The mixture
was stirred and to this a solution of benzil (10.52 g, 0.05 mol)
in 30 ml methanol was added drop wise over a period of 1h.
The reaction mixture was refluxed for 8 h. After reducing the
volume of the solution the flask was kept at 0°C for 24h
microcrystalline product was obtained, it was filtered, washed
with diethyl ether and dried under vacuum:

Yield =84%, mp =214 °C, Anal. calcd. for [C3¢H36N4Zn]%:
C, 73.29; N, 9.50; Zn, 11.09; H, 6.12. Found, %: C, 73.12; H,
6.15; N, 9.89; Zn, 11.13. IR, cm™!: >C=N (1620); —C=C—
(1560); Ph ring vibr. (740, 1170, 1440); Zn—N (420); C—H
(2860, 2740). 'HNMR (8); 7.7, singlet, 20H, due to phenyl pro-
ton; 2.04, triplet, 8H, (-C—N—CHj,—) methylene proton; 1.40,
multiplet, 8H, (—C—CH,—C—) methylene proton. FAB +MS
(m/e) 589.39.
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Zinc complex of 2,3,10,11-tetraphenyl-1,49,12-

tetraazacyclohexadeca-1,3,9,11-tetraene (I)

2.3. Electrode preparation

Varying amount of the ion active phase (I) and cation excluder
HTAB were dissolved with an appropriate amount of PVC in
3 ml THF. To these, solvent mediators viz. o-NPOE, DBP, BA,
TBP were added to get membrane of different compositions.
The mixture was shaken vigorously. When the solution became
viscous it was poured in acrylic rings resting on smooth glass
plate. The solution was then allowed to evaporate for 24 h at
room temperature to get transparent membrane of about 0.2 mm
thickness. Which was then cut to size and glued to one end of a
pyrex glass tube with araldite.

The ratio of membrane ingredients, time of contact and con-
centration of equilibrating solution were optimized so that the
membrane develops reproducible and stable potentials.

2.4. Egquilibration of membranes and potential
measurements

The membranes were equilibrated for 3 daysin 1.0 x 107! M
NaBr solution. The potentials were measured by varying the
concentration of the test solution in the range 1.0 x 107 to
1.0 x 10~ M. Standard NaBr solutions were obtained by grad-
ual dilution of 0.1 M NaBr solution. The potential measurements
were carried outat 25 £ 0.1 °C using saturated calomel electrode
(SCE) as reference electrode with the following cell assembly:

Ag/AgCl|KCI(3M)|0.1 MNaBr||PVCmembrane||testsolution
|Hg/Hg,>Clp | KCl(saturated)

3. Result and discussion

The ion carrier macrocyclic complex (I) was used as a poten-
tial carrier to prepare the plastized PVC-based membrane elec-
trode for a large number of anions. The potential responses of
these electrodes are shown in Fig. 1. As can be seen, the mem-
brane sensor displayed a remarkable selectivity for bromide ion
over other anions. The preferential response toward bromide
ion is believed to be associated with the coordination of bro-
mide with the central metal atom of the carrier. It is well known
that the selectivity and sensitivity obtained for a given ionophore
depends significantly on the membrane condition [18-22].

With UV-vis spectra, as illustrated in Fig. 2, it was possible to
distinguish the interaction between the metal and bromide ions.
The substantial increase in the absorbance at 264.0 nm after the
contact with a carrier solution of the bromide-containing phase
suggested that absorbing species had increases in size and the
axial coordination might have taken place [23,24]. Beside the
critical nature of an ionophore used in preparation of membrane;
the amount of ionophore, the nature of solvent mediator, the plas-
ticizer:PVC ratio and especially the nature of additive used, are
also known to significantly influence the sensitivity and selec-
tivity of an ion-selective electrode [25-27].
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Fig. 1. The potential responses of anion-selective electrodes based on
Zn[Phy(16)tetraeneN,] for various anions.
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Fig. 2. UV-vis absorption spectra of 1.0 x 10~* M solution of Zn(I) complex
in the absence (A) and presence (B) of equimolar amount of sodium bromide in
DMSO solution.

The composition of membrane with different plasticizers and
additive, performing best is given along with their characteristics
in Table 1. Among the four different plasticizers (NPOE, DBP,
BA, TBA) used NPOE is a more effective solvent mediator in
preparing the bromide selective membrane electrode. It should
be noted that the nature of the plasticizers influence both the
dielectric constant of the membrane and as well as the mobility
of ionophore and its complex.

The amount of ionophore was also found to affect the
response of membrane electrode (Table 1). The sensitivity of
the electrode response increased with increase in the ionophore
content till the value of 5 mg. Further, addition of ionophore will
however resulted in diminishing the response of the electrode,
which may be due to some inhomogenities and possible satura-
tion of the membrane [28]. The presence of 3 mg of HTAB as
a cationic additive improved the sensitivity of bromide sensor
considerably (no. 4). As can be seen from Table 1 that the mem-
brane having composition PVC:NPOE:I:HTAB as 150:345:5:3
(w/w/wlw) exhibits the best results with Nernstian slope and
limit of detection 1.4 x 107% M. This sensor no. 4 having this
composition gave response to bromide ion over a wide concen-
tration range (1.0 x 107! t0 2.2 x 107 M).

Table 1

0
50+
100+
> 1504
5 —a—10
' —e—102
2004
—h—10
—v—104
250 4
300
T ¥ T L) L L] L]
7 6 5 4 3 2 1 0

-log Sr2+

Fig. 3. Effect of internal filling solution on the potential response of the elec-
trode.

The influence of concentration of internal solution on the
potential response of the membrane electrode was also studied.
It was found that the variation of the concentration 1.0 x 10~ to
1.0 x 10~* M of the internal solution (Fig. 3) does not cause any
significant difference in the corresponding potential response;
except for a change in the intercept of resulting Nernstian plot.
A 1.0 x 1072 M concentration of internal solution is appropriate
for smooth functioning of the sensors since it provide a Nernstian
slope.

The optimum equilibration time for the membrane electrode
in the presence of 1.0 x 10~! M NaBr solution was 3 days; it
generated stable potentials in contact with bromide solution. The
electrode showed a linear response to the concentration of bro-
mide ion in the range of 2.2 x 1076 to 1.0 x 10~! (Fig. 1). The
slope of the calibration graph was 59.2 = 0.2 mV per decade. The
limit of detection, as determined from the intersection of the two
extrapolated segments of calibration graph was 1.4 x 1070 M.
The membrane sensor prepared could be used for at least 12
weeks without any divergence in potentials. The response time
of the electrode was determines by measuring the time required
to achieve a 90% of the steady potential. The static response
time thus obtained was 20 s over the entire concentration range.

Optimized membrane compositions and their potentiometric response as in bromide ion-selective electrodes

Membrane no. Composition of membrane (mg) Slope Linear range (M)
. mV/decade
PVC Plasticizer Ionophore HTAB (+0.5)
1 150 277 (NPOE) 1 - 32.7 79x107*t01.0x 107!
2 150 301 (NPOE) 1 2 48.7 1.5% 1074 t0 1.0 x 107!
3 150 343 (NPOE) 3 3 52.0 8.7x107%t0 1.0 x 107!
4 150 345 (NPOE) 5 3 59.2 22x107%t0 1.0 x 107!
5 150 333 (DBP) 5 3 37.1 1.9% 1074 to 1.0 x 107!
6 150 346 (DBP) 5 3 492 32x107t01.0x 107!
7 150 310 (BA) 5 3 432 8.6x 107 t0 1.0 x 107!
8 150 339 (BA) 5 3 48.7 25x1077t0 1.0 x 107!
9 150 348 (TBP) 5 3 50.1 7.8x107*t0 1.0 x 107!
10 150 348 (NPOE) 7 3 68.7 89x 1072 t01.0x 107!
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Fig. 4. Effect of pH on potential response of the Br~ ion-selective electrode
using 1.0 x 1072 M of Br~ solution.

The potentiometric response of the bromide sensor was found
to be sensitive to pH changes. Thus, pH dependence of the poten-
tial of the proposed electrode for 1.0 x 1072 M bromide was
determined over the pH range 2—12. pH was adjusted by the
addition of dilute nitric acid and sodium hydroxide. The results
given in Fig. 4 show that the potential response remains con-
stant over the pH range 3.0-9.5 and the same can be taken as
the working pH range of the electrode. The significant change in
potential response observed at a deviation at pH values <3.5, can
be due to simultaneous response of the electrode to the oppo-
sitely charged H30* and Br~ ions. The contribution of H30* to
potential response counteracts that of Br~ ions. The observed
potential drift at high pH values could be due to response of
sensor to OH™ and bromide Br™ ions.

The most important characteristic of any ion-selective elec-
trode, is its relative response for the primary ion over other ions
present in the solution, which is expressed in terms of potentio-
metric selectivity coefficients, Kf’;?;a, describing the preference
of the membrane for an interfering ion relative to bromide ion.
The selectivity coefficient for an interfering ion, B, relative to
bromide ion, A, were determined by Match Potential Method
(MPM) [29]. According to MPM, when the activity of the pri-
mary ion ap increases to @)y the change in potential measured.
Then the interfering ion is added if activity ap to the primary ion
solution of activity aa and the same change in potential occurs
[30]. K g% is determined from the following equation:

pot Aap o

/
a, — aa
Kag = =4
’ ap ap

where Aa = a), — aa, ap is the initial primary ion activity and
a, the activity of A in the presence of interfering ion, B. It should
be noted that the concentration of Br~ used as a primary ion in
this study was 1.0 x 1072 M. The resulting values thus obtained
for the proposed Br™ ion-selective electrode are given in Table 2.
The selectivity coefficients are in the order of 6.4 x 1072 or
smaller, which seems to indicate that these anions have negligi-
ble disturbance on the functioning of the bromide electrode.

Table 2

Selectivity coefficients of various Interfering anions for membrane no. 4
Interfering anions Kg(;{ 5

r 6.4 x 1072
SCN~ 1.0 x 1073
s> 2.5% 1073
NOs~ 8.4 x 107+
H;PO4~ 5.5% 1074
NO,™ 121075
ClO4~ 2.6 x 1073
AsO2™ 82x 107
cr- 8.6 x 1072
B 42x10°
S042 32x 1074

The selectivity coefficients and detection limit of the pro-
posed sensor based on Zn[Phs(16)tetraeneN4] (I) are compared
with the previously reported bromide membrane electrodes
(Table 3). As can be seen, the proposed bromide selective
electrode show superiority over them in terms of wide con-
centration range (2.2 x 107° to 1.0 x 10~! M), detection limit
(1.4 x 107%) and response time (20 s). Thus, the sensor prepared
is advancement over the reported systems.

3.1. Analytical application

The use of bromide ion-selective electrode for the determina-
tion of bromide ion in wine sample has been found to be rapid and
reliable. For the analysis of bromide in, the sample was prepared
as reported in literature [31]. According to this method, a 50 ml
aliquot of wine was treated with 2ml each of 3.75M H3POy,
saturated KNO3 and 1 M CuSQy. After 10 min the electrode was
immersed in the sample and potential response was obtained. In
coulometric titration of bromide with electrolytically generated
silver(I) is an accurate and precise method. The supporting elec-
trolytes 0.5 M HC1O4 and 2.0 M KNO3 were used for the studies.
The electrochemical reaction Ag+Br~ — AgBr+e™ supports
the cell current during early stages of the titrations, i.e. when
limiting current of Br™ is greater than the cell current [32]. The
coulometric end point was determined quite satisfactorily by
potentiometrically. The results of four replicate measurements
are given in Table 4. As can be seen from the table that the result
obtained from ISE agreed reasonably well with those obtained
from coulometric method.

The proposed electrode was also used for the recovery of Br™
ion from tap water samples. The direct potentiometric measure-
ment was carried out using standard addition technique. The
result obtained for the determination of bromide ion at several
concentrations is in close agreement with the known bromide
content as given in Table 5.

The practical utility of the proposed membrane sensor was
evaluated using as an indicator electrode by carrying out the
titration of 15 ml of 1.0 x 102 M NaBr solution with a 0.02M
AgNO3 solution. The titration plot shown in Fig. 5 is of sig-
moid shape that is also an indication of selectivity of electrode.
The inflexion of the end point of the plot corresponds to silver
bromide formation in the ratio 1:1. As can be seen from the



Table 3

Comparison of the performance of the proposed bromide selective electrode with the reported electrodes

pot
AB

Selectivity coefficients K

Detection

Slope Linear range (M)

(mV)

Ref. no.

Nt

HyPO4~ NO,~ ClO4~ AsOy™ Cl~

3

SCN™ s NO

range

limit (M)

20x 1075 15x107°

12 x 1072

1.0x 107
1.0x 1073

1.6 x 1073
6.0 x 1073

1.8x 1073 60x1075 —
2.0x 1072

4.2-8.3

40 x 1076

1073 to 1072

61

[11]

3.0x 1073

7.9 x 1072

8.9 x 1072

6.9 x 1072

4.5-8.5

20x107°

32x105t0 107!
1075 to 10~!

[15] 61

[16]
[17]

40x 1074 — 9.0x1075 26x1075 2.0x 1074

1.0x 1073
8.2 x 107*

8.0 x 1073

1.0x 1073 3.0x1073 -
55x%x 1073

4.0-9.5

50x%x107°

59.1
59

This work 59.2

14x107° 75%x107* 3.0x107°

47 %107

- 8.5x 107*

7.5% 1073

3.0-9.0
3.5-95

6.0x 107°

7.0x107% to 107!

1.0x1073 25x1073 84x107% 55x107* 12x107° 26x107° 82x1075 86x1072 42x1075 32x107*

6.4 x 1072

14x107°

22x107%t0 107!
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Table 4
Bromide determination in wine samples (n=4)

Sample no. Coulometric method (meq/1) Present sensor (meq/1)
1 4424+0.2 44.6+0.3
2 455403 45.8+0.4
3 48.5+0.2 48.6+0.6
4 514+£03 51.7£0.8
Table 5
Potentiometric determination of Br™ ion in tap water sample
Sample no. Added (M) Found (uM)
1 25 24.6
2 50 48.2
3 100 102.3

20

30 4

40 4

50 4

Z 60~
w

70 4

804

90 4

100 T T T T T T
2 4 6 8 10 12

ml 0.02M AgNOg,

Fig. 5. Potentiometric titration curve for 15ml of 1.0 x 107>M Br~ with
2.0 x 1072 M of Ag*, using the proposed sensor.

figure, the amount of bromide ions in solution can be accurately
determined from the titration curve providing a sharp end point.

4. Conclusion

Based on the results discussed in this manuscript, the macro-
cyclic zinc complex, Zn[Phs(16)tetraeneN4] is considered to be
a neutral carrier for constructing a PVC-based membrane elec-
trode to determine concentration of bromide ion. The proposed
electrode has been shown to have good operating characteristics
(sensitivity, stability, life-time, response time and a wide con-
centration range). The proposed sensor can be used successfully
for bromide ion determination both by direct potentiometry and
potentiometric titration. It can also be used in determination of
bromide ions in wine and tap water samples.
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