J Incl Phenom Macrocycl Chem (2008) 60:9-15
DOI 10.1007/s10847-007-9344-x

ORIGINAL ARTICLE

Mercury-selective membrane electrode based on methyl
substituted dibenzo tetraphenyl tetraaza macrocycle

Ashok Kumar Singh - Ravindra Pratap Singh -
Sameena Mehtab

Received: 25 January 2007/ Accepted: 16 June 2007/ Published online: 28 July 2007

© Springer Science+Business Media B.V. 2007

Abstract A new polystyrene based membrane electrode
of methyl substituted 6,7:13,14-dibenzo-2,4,9,11-tetraphe-
nyl-1,5,8,12-tetraazacyclotetradeca-1,4,6,8,11,13-hexaene
(I) with sodium tetraphenylborate (NaTPB) and dibutyl
phthalate (DBP) as anion excluder and plasticizing agent
was prepared and investigated as Hg (II)-selective elec-
trode. The electrode exhibits a Nernstian response for Hg
(II) ions over a wide concentration range of 1.0 X 107'-
8.9 x 107° M with a slope of 30 + 1 mV per decade con-
centration. It has a response time of 10 s and can be used
for at least 4 months without any divergence in potentials.
The membrane works satisfactorily in a partially non-
aqueous medium up to a maximum 30% (v/v) content of
methanol and ethanol. The proposed sensor revealed good
selectivity over a wide variety of other cations including
alkali, alkaline earth, heavy and transition metal ions and
could be used in a pH range of 2.5-5.0. Normal interferents
like Ag*, Cd** and Pb** low interfere in the working of the
electrode. The electrode was successfully used in the direct
determination of Hg** in aqueous solution.

Keywords Mercury(Il)-selective electrode -
Tetraaza macrocycle - Polystyrene based membrane
Introduction

The determination of mercury is important, due to its
toxicity even in low concentration. Over exposure to
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mercury results in ill effects on the human body systems
nervous systems and other body systems. Mercury expo-
sure is still an occupational hazard for people in many
industries and in environment. The need for mercury ion
determination in clinical analysis and environmental
monitoring has led to a number of methods for the mea-
surement of this analyte. The available method for low-
level determination of mercury and other heavy metals in
solution include AAS, but it involves expensive instru-
mentation and sample pretreatment, that is time consuming
and inconvenient. Ion-selective electrodes have been con-
venient tools for measuring ion activity or concentration in
various fields of chemical analysis. Potentiometric sensors
have been used for the measurement of a wide variety of
different ions directly in complex biological and environ-
mental samples [1, 2]. In recent years macrocyclic ligands
have been widely used as suitable neutral carriers for
constructing ion-selective electrodes for various metals
ions [3-6].

The use of ion-selective electrode is simple and even
allows in vivo measurements. A variety of potential ion-
carriers have been used in the construction of mercury (II)
selective electrodes. The development of a selective elec-
trode for mercury has been a subject of investigation to
analytical chemists. So far, it has not been possible to have
a good electrode for this ion and efforts in this direction are
called for. To improve the analytical selectivity, it is
essential to search carrier compounds that would react with
mercury at high selectivity levels. Many organic and
inorganic compounds have been tested as ionophore in
producing ISEs, including Schiff’s bases [7], amide
derivatives [8] oxamides [9], macrocycle [10] crown ethers
[11-15], salicyldehyde thiosemicarbazone [16], p-tert-
butyl calix-4-crowns with imine units [17], calixarene
derivative [18] mercapto compounds [19, 20] and acyclic
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neutral carriers [21-27]. Availability of improved highly
selective materials, have opened up new channel for
developing specific sensors.

In recent years, we have used macrocyclic ligands as
neutral carriers in preparation of new ion-selective elec-
trodes for some transition and heavy metal ions [28-33].
There is a lack of efficient commercial mercury (II) ion-
selective electrodes and even quite sparse literature reports
on such electrodes. Efforts were initiated by us to develop
selective electrodes for Hg®* ions using macrocyclic
ligands as sensor material. The most important requirement
for an ionophore to act as good electroactive materials in
membranes is its ability to act as a selective extractant, or
to form strong complexes, preferentially with only target
metal ions. In this paper, we report the electroanalytical
applicability of a methyl substituted 6,7:13,14-dibenzo-2,
4.,9,11-tetraphenyl-1,5,8,12-tetraazacyclotetradeca-1,4,6,8,
11,13-hexaene as an excellent neutral carrier in construc-
tion of mercury ion-sensor.

The result presented in this paper show that the sensor
developed for Hg (I) ion using the above system as electro-
active phase in polystyrene matrix has a wide concentration
range and a fast response time with reproducible results.

Experimental
Reagent and materials

Analytical grade reagents and chemical were used. Double
distilled water was used for the preparation of solutions of
metal salts of different concentration by diluting stock
standard solutions (0.1 M). Sodium tetraphenyl borate
(NaTPB) from BDH (U.K.), dibutylphthalate (DBP) from
Reidel (India), dioctylpthalate (DOP), dibutylbutyl
phosphonate (DBBP) and chloronaphthalane (CN) were
purchased from Merck and used as received. Polystyrene
was obtained from G.S.C. (India) and mercury (II) was
used as mercuric chloride for the studies of the membrane
Sensor.

|

Fig 1 Structure of ionophore (I)

Synthesis of macrocycle (I)

Methanolic solution of 1,3-diphenyl-1,3-propanedione
(0.02 mol, 4.48 mL) was added to methanolic solution of
3,4—diaminotoluene (0.02 mol, 2.44 mL). The resulting
mixture was refluxed for 10 h with constant stirring after
which it was reduced to half of its original volume by
heating and then cooled at room temperature. Precipitate
thus obtained was washed thoroughly with methanol, dried
in vacuum, and recrystallised to get 6,7:13,14-dibenzo-
2,4,9,11-tetraphenyl-1,5,8,12-tetraazacyclotetradeca-
1,4,6,8,11,13-hexaene (I). Yield: 75%, m.p.185 °C. Ele-
mental analysis: [CqqH3¢Ny—calculated (%): C, 85.2; H,
5.8; N, 9.0 found (%): C, 85.6; H, 5.9; N, 8.5]. The NMR
studies of the ligand gave singlets at ¢ 1.44 (6H, methyl
protons), 2.30-2.86 (4H, methylene protons) and 6.80-7.30
(26H, aromatic protons) (Fig. 1).

Electrode preparation

A number of membranes [34-36] were prepared. Mem-
branes of adequate strength, which gave reproducibility
and stable potential with a fast response time and which did
not develop cracks on prolonged use were prepared. To
meet these requirements, compositions in varying ratio of
macrocycle to polystyrene were tested (Table 1). The
mixture was heated to 80 °C (The softening point of
polystyrene) under a pressure of ca. 6000—6500 psi in a

Table 1 Composition of polystyrene based membranes of (I) as Hg(II)-selective electrodes

Membrane Number Ratio of components present in the membrane (w/w)

Working concentration Slope (mV/ decade of Response

Ionophore Polystyrene DBP DOP DBBP

N O R WD =
(=) J e N e R N )
—_ = m m k.

|

|

|

et . )
CN NaIFB range (mol L™") concentration) time (s)

- 28 x107°-1.0 x 107" 26.5 24

1 1.6 x 107°-1.0 x 10~" 29.0 22

1 8.9 % 107°-1.0x 107" 30.0 10

1 50 x 107°-1.0 x 107" 28.0 20

1 45x107°-1.0 x 107" 26.0 24

1 5.6 x 107°-1.0x 107" 28.0 22

1 3.5x107°-1.0 x 107" 26.0 25
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dye kept in a metallurgical specimen mount press. Mem-
branes were fabricated under optimum conditions of tem-
perature and pressure, which were established after lengthy
preliminary investigations. Membranes prepared in this
way were quite stable, cream in color and did not show any
dispersion in water and in other electrolyte solution.

The membranes were also investigated under a micro-
scope to observe the surface cracks and homogeneity.
Suitable membrane were then exposed to electrochemical
examination and only membranes which gave reproduc-
ibility and stable potentials with a fast response time were
selected for further studies. Membrane to membrane (and
batch to batch) reproducibility was assured by carefully
controlling the condition of fabrication. The membranes
(2.5 cm diameter and 0.5 cm thick) were affixed to one end
of a small Pyrex glass tube with araldite, while the other
remained open.

Potential measurements

The membranes were equilibrated with 1.0 M Hg (II)
chloride solution for 6 days and the potential across the
membrane was measured by setting up the following cell
assembly: Hg/Hg,Cl, | KCI (satd.) | 1.0 M HgCl, Il mem-
brane |l test solution | Hg/Hg,Cl, | KCI (satd.)

Results and discussion

Due to the solubility of the ligand in water and the presence
of four donating nitrogen atoms in its structure, it was
expected to act as a suitable ion carrier in the polystyrene
matrix with respect to metal ions of proper size and charge.
The potential response of the membrane was determined as
a function of activity not only of Hg** but many other ions
and the result obtained are shown in Fig. 2. It is seen from
figure that the electrode has a better response Nernstian
linearity and detection limit for Hg”* than for other metal
ions. We therefore studied in detail the properties of the
macrocyclic ligand doped membrane for mercury(Il) ion.
The sensitivity and selectivity obtained for a given
ionophore depend significantly on the membrane compo-
sition and the properties of the solvent mediator employed
as well as the polystyrene/plasticizer ratio used [37-42]. It
is expected that the solvent mediators play a key role in
determining the ion selective characteristics. Therefore,
various solvent mediators, viz. DBP, DOP, DBBP and CN
were used in preparation of ion-selective electrodes
(Table 1). Among the various membranes prepared using
the ion-active phase (I), the DBP plasticizer was found to
give the best sensitivity and widest linear range. The effect
of relative amount of ionophore on the response function of
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Fig 2 Potential response of various metal ions with the ionophore (I)

membrane was investigated. NaTPB was also added to the
membrane components for better results. The results indi-
cate the best sensitivity and linear range are obtained for
membrane number 3 with composition (w/w) 6:1:1:1
(I:polystyrene:DBP:NaTPB).

The ionic strength of Hg(NOj3), solution use to calibrate
the sensors in given range was 0.3 M and all studied was
carried out at pH~4. It exhibits the best working con-
centration range of 8.9 x 107°-1.0 x 10~' M with a slope
of 30.0 mV/dacade of activity. The working concentration
ranges and slopes for all the membrane electrodes are given
in Table 1. It is apparent from Table 1, that the membrane
no. 4 with a composition 8:1:1 (I:polystyrene:NaTPB)
without solvent mediator shows linearity in the concen-
tration range 5.0 x 107°-1.0 x 10~' M with a slope of
28.0 mV per decade of activity. The addition of plasticizer
(DBP) enhanced the working concentration range. The
Fig. 3 shows the working concentration ranges and slopes
for the membrane electrodes (nos. 1-4). The potentials
were measured as a function of Hg®" activity with internal
solution concentration of 1.0 x 107'M with DBP as
plasticizer. The membrane with DOP, DBBP and CN as
plasticizers gave poor performance with regards to working
concentration range, slope and response time. Hence
membrane no.3 was chosen for further electroanalytical
studies.

The static response time of the electrode was determined
by measuring the time required to achieve a 90% of the
steady potential. The membrane without plasticizers but
with NaTPB showed a response time off 20 s while the
electrodes with plasticizers as membrane ingredients
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Fig 3 The variation of the membrane potential with the varying
concentration of Hg (II) ions based on the macrocyclic ligand
(membrane nos. 1-4)

achieved equilibrium response within 10-25 s over the
whole concentration range. The best response time recor-
ded was 10 s for membrane no. 10 having DBP as plasti-
cizer. The potential generated by this membrane remained
stable for more than 3 min after which it started deviating.
The main factor for limited lifetime is the loss of iono-
phores from the membrane while contacting with aqueous
solution. Sufficient lipophilicity of ionophore and plasti-
cizer ensures stable potentials and long lifetime [43, 44].
The lifetime of the electrodes was worked out by per-
forming calibrations periodically with standard solutions
and calculating the response, slope over the range
1.0 x 107°-1.0 x 10~" HgCl, solution. The experimental
result show that the lifetime of the present electrode was
over a period of four months without significant change in
potentials. During this period, the detection limit and the
slope of the electrode remained almost constant. Subse-
quently the electrochemical behavior of the electrode
gradually deteriorated which may be due to ageing of the
polymer, plasticizers and ionophore. Whenever a drift in
potential was observed, membranes were re-equilibrated
with 0.5 M Hg** solution for 2 days.

The effect of pH for electrode was examined by use of
1.0 x 1072 and 1.0 x 10> M mercury nitrate solutions.
The pH was adjusted by introducing small drops of nitric
acid (0.1 M) and sodium hydroxide (0.1 M). The influence
of the pH response on the membrane electrode is shown in
Fig. 4. As it can be seen, the potentials were found to stay
constant from 2.5 to 5.0, beyond which the potential
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Fig 4 Effect of pH on the response of Hg (II) ion selective electrode
at 1.0x 107>M and 1.0 x 107> M

changes considerably. Under more acidic conditions, the
ligand may be protonated and thereby losing its capacity to
form a complex with the target metal ion. When the pH is
neutral the cation [HgOH]" react with ligand. The drift of
potential values >5.0 are attributed due to the formation of
mercury(Il) hydroxide.

The functioning of the electrode was also investigated in
partially non-aqueous medium using methanol-water,
ethanol-water and acetone—water mixtures. It was
observed that the sensor could tolerate up to 30% (v/v) and
slope remains unaltered. However, above 30% non-aque-
ous content the slope decreases appreciably because of the
membrane decomposes due to leaching of ionophore from
matrix. The working concentration range was reduced and
potential showed a drift.

The selectivity behavior is obviously one of the
important characteristics of the ion-selective electrodes,
determining whether reliable measurement in the target
sample is possible [35, 41]. In order to assess the selectivity
of the proposed Hg (II) selective electrode over other
cations, the matched potential method (MPM) [45] was
employed. According to MPM, the selectivity coefficient is
defined as the activity ratio of the primary ion and inter-
fering ion that gives the same potential change in a refer-
ence solution. Thus, the change in potential upon changing
the primary ion activity is measured. Then the interfering
ion is added to an identical reference solution until the
same potential change is obtained. The selectivity coeffi-
cient,K4% is determined as

Aay d, —an
Ky = =t
ap as
In this method, the specified activity of the primary ion
(apg=1.0 % 107°M) is added to reference solution
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Table 2 Selectivity coefficient values (K,’;;L‘B)for Hg (II)-selective
membrane electrode based on [6,7:13,14-dibenzo-2,4,9,11-tetraphe-
nyl-1,5,8,12-tetraazacyclotetradeca-1, 4,6,8,11,13-hexaene]

Selectivity coefficient (Kj%, ;)

Matched potential method

Interferents (B)

Na* 3.98 x 107
NH; 4.02 x 1073
Ag* 8.92 x 1072
TI* 6.97 x 1072
Pb>* 1.28 x 1072
Cu** 224 %1074
Mg** 332x107°
Ccd** 2.00 x 107
Ni%* 6.75x107*
Co** 6.02x107*
Ca* 128 x 1073
Ba>* 6.75x 1073
Sr*t 128 x 1073
Zn** 252x 1074
Fe>* 6.28 x 107°

(@' g =5.0X% 107> M) of mercury ions, and the potential is
measured. In a separate experiment interfering ion con-
centrations (ag = 1 X 107*-1 x 107! M) were added to an
identical reference solution, until the measured potential
matched that obtained before the addition of the primary
ions. The selectivity coefficients were then given by the
resulting primary to interfering ion activity ratio. The
resulting selectivity coefficients are summarized in
Table 2. It is clear that the proposed mercury sensor is
highly selective with respect to other common cations.
Potential interferents Ag*, Cd**, and Pb>*, have low effect
on the functioning of Hg (II) electrode. In Table 3, the
response characteristics and selective coefficients of the
membrane electrode based on proposed ligand are com-
pared along with previously reported based on variety of
different ionophores (7, 17, 23-25). The comparison of
values of selectivity coefficients determined using the
MPM with those obtained with SSM or FIM methods is
valid only to some extent. As can be seen, the working
concentration range, response time, life time, pH range and
potentiometric selectivity of the proposed electrode are

Table 3 Comparison of the proposed Hg**-selective electrode with the reported electrode

Reference  Ionophore Linear range Slope (mV/ pH Response  Selectivity
number (mol L") decade of range time (s) coefficients
concentration) (log K f,g; B
7 Bis[5-((4-nitrophenyl)azo 7.0 X 107'=5.0 x 107> 30.0 = 1 1.0-3.5 <10 Co**(—4.49), Ni**(—4.13),
salicyladehyde)] Pb>*(—4.29), Fe**(—4.51),
Ag(—4.10), K*(—4.72),
Cd**(—3.28), Ba®*(—4.31),
NHZ(—3.57)
17 p-tert-Butyl 50x107°-1.0x 107! 273 1340 20 Co?* (—=3.67), Ni**(—3.43),
Calix[4]crowns Pb>*(—3.31), Fe’*(—1.82),
Na*(—1.69), K*(—1.54),
Ca**(—3.30), Ba**(—3.32)
23 H,NCHMeCH,NH,) 13 %x107°-1.0x 107" 25+ 0.1 6.6-9.3 10 Co®* (—1.20), Na*(—1.15),
(H,0) HgCl, Pb**(—1.30), Fe**(—1.25),
Ag*(—2.50), Cr**(—0.85),
Cd**(—1.10), Mg**(—1.67),
NHZ(—1.20), AI**(—1.96)
24 1-(2’-aminoaryl) 50x107%-1.0x 107" 295 25-40 20 Co>* (—2.09), Na*(—0.19),
4.4,6-trimethyl- Cs*(—2.22), Ca®*(—2.20),
1,4,5,6-tetrahydro- Agt(—0.13), Ce**(—2.07),
6-hydroxypyrimidine Fe*(—2.14), Mg?*(—2.21),
-2-thiol Ni?* (=2.13), Sr**(—2.09)
25 1,3-diphenylthiourea 6.0%x107°-5.0x 107* 58.6 + 0.8 6.0-7.0 20 Co?* (=2.52), Pb>*(—2.83),
Ag*(—0.19), Cd**(—2.98),
NHZ(—3.28), Zn>**(—3.09),
Cu®*(—3.13), Mg**(—3.12)
This work ~ 6,7:13,14-dibenzo-2,4,9,11 8.9 x 107%(1.0 x 107! 30 + 1 25-50 10 Co>* (—3.22), Ni**(—3.19),

-tetraphenyl-1,5,8,12
-tetraazacyclotetradeca-
1,4,6,8,11,13-hexaene

Pb>*(—1.89), Zn>**(—3.59),
Ag(—1.05), Cu**(—3.65),
Cd**(—3.69), Ba>*(—4.17),
NHY (—3.39), TI*(—1.16),
Mg?*(—4.48)
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Table 4 Potentiometric determination of Hg** ion in different water
samples®

Samples ISE (mg/mL) AAS (mg/mL) Recovery (%)
Tap water 0.14 = 0.02 0.138 = 0.01 98.6
River water 0.35 £ 0.1 0.349 + 0.01 99.7
Laboratory water  0.84 + 0.04 0.837 = 0.02 99.6

# The values based on five replicate analysis

comparable to those other reported mercury ion-selective
electrode.

The electrode was also successfully applied to the direct
determination of mercury in different water samples con-
taining added Hg* ion and the result are given in Table 4.
As can be seen, the recovery of mercury from different
water samples is almost quantitive.

Conclusion

The mercury (II) ion-selective sensor, based on the use of
methyl substituted 6,7:13,14-dibenzo-2,4,9,11-tetraphenyl-
1,5,8,12-tetraazacyclotetradeca-1,4,6,8,11,13-hexaene
ligand exhibits a high selectivity and sensitivity to mer-
cury(Il) ions and fast potential response. The selectivity of
the electrode towards Hg?* is very good over other cations
and also shows low interference from Ag*, Cd**, and Pb>*.
The functional pH range of the proposed electrode is 2.5—
5.0. A comparison between the response characteristics of
the proposed potentiometric sensor and those of previously
reported mercury ion-selective electrode indicated that the
present sensor is invariably superior.
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