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Abstract 
The four derivatives of isoquinoline-1,3-dione based on β-lactum (I-IV), have been 
explored as neutral ionophores for preparing poly(vinylchloride) based polymeric 
membrane electrodes (PME) selective to silver(I) ions. The addition of sodium 
tetraphenylborate (NaTPB) and dioctylsebacate (DOS) as a plasticizer was found to 
improve the performance of ion selective electrodes. The best performance was 
obtained with PME-1 based on ionophore I having composition: ionophore (9.2 mg), PVC 
(100.1 mg), DOS (201.1 mg) and NaTPB (1.5 mg) in 5 mL tetrahydrofuran. The electrode 
response was linear with Nernstian slope of 58.44 mV/decade in the concentration 
range of 1.0 x 10-1 M to 5.0 x 10-6 M and detection limit of 5.83 x 10-6 M. It performs 
satisfactorily over wide pH range of 1.0-5.5. The proposed sensor can be used over a 
period of more than three months without any significant drift in potential and shows 
good selectivity to silver(I) ion over a number of cations especially with no interference 
of mercury(II) ions. Sharp end point was obtained when the sensor was used as an 
indicator electrode for the potentiometric titration of silver(I) ions with chloride ions and 
therefore this electrode (PME-1) could be used for quantitative determination of silver(I) 
ion in synthetic water, silver foil and dental amalgam samples. 

Keywords  
Isoquinoline-1, 3-diones, Silver(I) ion, Potentiometric sensors, Selectivity, Indicator 
Electrode. 
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1. Introduction 

Silver has wide commercial importance in photography, medicine, optics, electronics, and 
production of currency, jewelry and silverware as well as high capacity silver-zinc and silver-
cadmium batteries [1,2]. Because of its antibacterial properties, silver compounds have been used 
to disinfect drinking water and water for recreational purposes, in dental, pharmaceutical, 
antibacterial, anti-HIV preparations and implanted prostheses [3]. Soluble silver salts are lethal 
and slowly absorbed by body tissues, with consequent bluish or blackish skin pigmentation 
(argyria), and causes severe corneal injury if liquid comes in contact with the eyes. It may produce 
other toxic effects including kidney, eye, lung, liver and brain damage as well as change in blood 
cells. Metallic silver, however, appears to pose a minimal risk to health [4]. It has been found that 
an excess of silver is toxic to fish and micro-organisms at a concentration as low as 0.17 µg L-1 [3]. 
It is therefore crucial to closely monitor the activity of silver in the environment. There exist 
several techniques for silver metal ion determination, such as inductively coupled plasma atomic 
emission spectrometry [5,6], inductively coupled plasma mass spectrometry [7,8] and flame 
absorption spectrometry [9,10], but these techniques are normally time consuming, involving 
sample manipulation, and they are relatively expensive. Ion-selective electrodes (ISEs) have been 
established for many years as powerful analytical tools. Carrier-based ISEs have found widespread 
use for the direct determination of various ionic species in complex samples [11-15]. The ISE is an 
ion analysis technique that provides unique characteristics such as selectivity, good precision, 
simplicity and low cost [16-19]. ISEs have been successfully applied for trace analysis of ions of 
environmental and physiological importance [20-22]. The determination of silver(I) ions in 
presence of mercury(II) ions is often a challenging job. Silver selective potentiometric sensors 
based on ion carriers like podands, crown ethers and calixarenes derivatives have been reported 
[2,23-32]. In addition, bis-pyridinetetramide macrocyclic [33], bis-dialkyldithiophosphate 
derivative [34] and O,O,O-trialkylphosphorothioates [35] have been reported as effective 
ionophores to construct silver(I) ion selective electrodes. These ionophores are generally 
hampered with mercury(II) ions interference. In this work, we report the use of isoquinoline-1,3-
dione derivatives based on β-lactum as a highly selective neutral ion carrier for detection of 
silver(I) ions using membrane ion selective electrodes. The need for highly sensitive and selective 
determination of silver(I) ions arises from silver’s economic value and the toxicity toward human 
beings. In present work, an attempt has been made to improve the sensitivity and selectivity of 
silver(I) ions ISE towards various secondary ions particularly mercury(II) ions. The electrochemical 
selectivity for various metal ions, the effect of membrane components, internal solution and pH of 
sample solution on the electrode response was investigated. Further, the electrode was also used 
as indicator electrode in titration experiments. 

2. Experimental  

2.1. Materials 

All reagents used were of analytical grade, and doubly distilled deionised water was used to 
prepare solutions. All isoquinoline-1,3-dione derivatives i.e. (4RS,4aSR)-4-[(SR)phenyl(p-tolylami-
no)methyl)-4a,7,8,8a-tetrahydro-4H-isoquinoline-1,3-dione [I], (4RS,4aSR)-4-[(SR)p-tolyl(p-tolylami-
no)methyl)-4a,7,8,8a-tetrahydro-4H-isoquinoline-1,3-dione [II], (4RS,4aSR)-4-[(SR)4-chloro-phenyl(p-
tolylamino)methyl]-4a,7,8,8a-tetrahydro-4H-isoquinoline-1,3-dione [III], (4RS,4aSR)-4-[(SR)4-chloro-
phenylamino(p-tolyl)methyl]-4a,7,8,8a-tetrahydro-4H-isoquinoline 1,3-dione [IV] were synthesied as 
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reported in literature [36] and they are shown in Fig. 1. The plasticizers bis-2-ethylhexylsebacate 
(DOS), bis-2-ethylhexylphthalate (DOP), bis-2-ethylhexyladipate (DOA), dibutylphthalate (DBP) and 
tributylphosphate (TBP) and high molecular weight poly(vinylchloride)(PVC) were used as received 
from Fluka. Anion excluder sodium tetraphenylborate (NaTPB) was obtained from Aldrich while 
silver nitrate and other metal nitrates received from Merck were used without any further 
purification. 

2.2. Preparation of PVC membrane  

The general procedure for preparation of PVC membrane was to mix thoroughly PVC, 
plasticizer, additive and varying amount of isoquinoline-1,3-dione based ionophore in about 5 mL 
of tetrahydrofuran. Mixture was shaken vigorously and clear solution was poured into petri-dish 
(50 mm diameter). Solvent was allowed to evaporate at room temperature. The resulting 
membrane of 0.4 mm thickness was cut to size, attached to PVC tube with  help of PVC glue and 
conditioned with metal ion solution (10-2 M) for about 24 hours till it gave reproducible and stable 
potential. 
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Figure 1. Structures of isoquinoline-1,3-dione receptors I-IV 

2.3. EMF measurements 

Silver/silver chloride electrodes with 3 M KCl as salt bridge were used as internal and external 
reference electrodes. The electrochemical cell assembly used for the study was: 

Ag-AgCl 3 M KCl 
1.0 x 10-2 M 

AgNO3 
PVC 

membrane 
Test 

Solution 
3 M KCl Ag-AgCl 

All the measurements of electrode potential were made with EQUIPTRONICS MODEL EQ-602 
potentiometer. The pH measurements were made using Elico LI MODEL-120 pH meter. 
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3. Results and Discussion 

3.1. Potentiometric response for multiple-ions using polymeric membrane electrodes 

In preliminary experiments, different PVC-based ion selective membrane sensors, using iso-
quinoline-1,3-dione based receptor I as ion carrier, were prepared by mixing 100.1 mg PVC, 
201.1 mg DOS and 9.2 mg receptor I. Membranes so prepared were conditioned with 10-2 M 
solution of different ions for 24 hours. Their potential responses were noted against 10-1 M to  
10-8 M solutions of respective analyte ions to determine their potentiometric response for 
different metal ions (Figure 2). Silver(I) ions were found to give better response in terms of slope, 
working concentration range and lower detection limit as compared to other metal ions. Results 
obtained indicate that electrode based on receptor I has preferential affinity for silver(I) ions and it 
can be employed as an ionophore for the preparation of silver(I) ion selective electrodes. The 
preferential affinity of receptor I for silver(I) ions can be due to the presence of nitrogen and 
oxygen as donor atoms. 

 
Log ([Mn+] / M) 

 
Figure 2. Potentiometric response of polymeric membrane electrodes based on  

isoquinoline-1 3-dione receptor I for various metal ions 

3.2 Potential response for silver(I) ions using polymeric membrane electrodes 

Based on the results obtained from the preliminary investigation with receptor I, it was decided 
to employ isoquinoline-1,3-dione based receptors I-IV as ion carrier for the preparation of silver(I) 
ion selective electrodes. Response curves of polymeric membrane electrodes PMEs 1-4 
incorporating receptors I-IV, respectively, as ion carriers  are shown in Fig. 3. The composition and 
the response characteristics obtained for the polymeric membrane electrodes PMEs 1-4 are shown 
in Table 1.  
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Table 1. Composition and response characteristics of silver(I) ion selective electrodes based on  
isoquinoline-1,3-dione receptors I-IV as ionophores 

 
The silver(I) ion ISEs PME-2, PME-3 and PME-4 exhibited Nernstian slopes of 52.72, 49.62 and 

67.47 mV dec-1 , respectively, in the concentration range of 1.0×10-1 M to 1.0×10-5 M silver(I) ions 
and produced lower detection limits of the order of 9.54×10-6 M, 1.15×10-5 M and 1.07×10-5 M, 
respectively. Electrode PME-1 based on receptor I shows Nernstian slope of 58.44 mV dec-1 over 
concentration range of 1.0×10-1 M to 5.0×10-6 M silver(I) ions with 5.83×10-6 M as lower detection 
limit. 

 
        Log ([Ag+] / M) 

Figure 3. Potentiometric responses of silver(I) selective polymeric membrane electrodes based 
on isoquinoline-1,3-dione receptors I-IV as ionophores 
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Slope, 
mV dec-1 

PME-1 100.1 201.1 DOS 1.5 9.2  I 1.0x10-2 1.0x10-1-5.0x10-6 5.83x10-6 58.44 

PME-2 100.6 199.8 DOS 1.5 9.0  II 1.0x10-2 1.0×10-1-1.0×10-5 9.54×10-6 52.72 

PME-3 100.0 201.7 DOS 1.6 9.2  III 1.0x10-2 1.0×10-1-1.0×10-5 1.15×10-5 49.62 

PME-4 100.3 199.6 DOS 1.6 8.9  IV 1.0x10-2 1.0×10-1-1.0×10-5 1.07×10-5 67.47 

PME-5 100.2 201.0 DOS 1.5 9.2  I 1.0x10-3 1.0×10-1-1.0×10-5 1.01x10-5 53.20 

PME-6 100.0 201.2 DOS 1.5 9.2  I 1.0x10-1 1.0×10-1-5.0×10-5 8.12x10-5 44.96 

PME-7 100.0 201.0 DOS 1.5 7.0  I 1.0x10-2 1.0×10-1-1.0×10-5 3.16×10-5 44.50 

PME-8 100.5 200.2 DOS 1.6 5.2  I 1.0x10-2 1.0×10-1-1.0×10-5 1.07×10-5 49.09 

PME-9 101.0 201.5 DOS 1.5 3.2  I 1.0x10-2 1.0×10-1-5.0×10-6 6.45×10-6 27.52 

PME-10 100.4 200.7DOS 3.0 9.0  I 1.0x10-2 1.0×10-1-1.0×10-5 1.05×10-5 50.31 

PME-11 100.8 200.3 DOS -  9.1  I 1.0x10-2 1.0×10-1-5.0×10-6 4.36×10-6 38.09 

PME-12 100.0 200.0 DBP 1.5 9.2   I 1.0x10-2 1.0×10-1-1.0×10-5 1.90×10-5 29.25 

PME-13 100.0 200.3 DOA 1.5 9.2  I 1.0x10-2 1.0×10-1-5.0×10-6 8.91×10-5 71.86 

PME-14 99.9 200.1 TBP 1.6 9.0  I 1.0x10-2 1.0×10-1-1.0×10-5 5.01×10-6 77.56 

PME-15 100.6 201.4 DOP 1.6 9.1  I 1.0x10-2 1.0×10-1-1.0×10-5 1.77×10-5 17.39 
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3.3. Effect of internal solution 

The effect of the concentration of internal solution on the potential response of the PME-1, 
PME-5 and PME-6 for silver(I) ion based on receptor I was studied. The internal solution 
concentration of silver(I) ion was varied from 1.0×10-1 M to 1.0×10-3 M and the potential response 
of PME-1 was observed as shown in Table 1. The concentration of internal solution has been found 
to affect the slope and the working range of the electrode. Further, it was found that the best 
results, in terms of Nernstian slope and the working concentration range , were obtained with the 
internal solution of concentration 1.0×10-2 M. Thus, 1.0×10-2 M solution was found to be quite 
appropriate for the smooth functioning of the proposed polymeric electrode PME-1. 

3.4. Effect of ionophore content 

The influence of the ionophore content on the response behavior of silver(I) ion selective 
electrode incorporating receptor I as an ion carrier was studied by preparing membrane electrodes 
PME-1, PME-7, PME-8 and PME-9, using varying amount of receptor I (Table 1). Polymeric mem-
brane electrode PME-1 containing 9.2 mg of receptor I exhibited Nernstian slope of 58.44 mV dec-1 
over the wide concentration range of 1.0×10-1 M to 5.0×10-6 M with lower detection limit of 
5.83 x 10-6 M, whereas, polymeric membrane electrodes PME-7, PME-8 and PME-9, containing 
7.0 mg, 5.2 mg and 3.2 mg of receptor I, exhibited sub-Nernstian slopes over comparatively nar-
row concentration range with lower detection limit of 3.16×10-5 M, 1.07×10-5 M and 6.45×10-6 M, 
respectively (Table 1). The best result was obtained in case of PME-1 containing 9.2 mg content of 
receptor I. 

3.5. Effect of additive content   

The presence of lipophilic negatively charged additive improve the potentiometric behavior of 
cation-selective electrodes by reducing ohmic resistance, increasing the membrane sensitivity in 
case of ionophore whose extraction capability is poor [37] and by catalyzing the exchange kine-
tics [38]. Thus the presence of lipophilic negatively charged additive improve the response 
behavior and selectivity of ion selective electrodes [37,39,40]. In our study sodium tetra phenyl 
borate (NaTPB) was incorporated as an additional membrane component (Table 1). Polymeric 
membrane electrodes PME-1 and PME-10 were prepared by using 1.5 mg and 3.0 mg of NaTPB 
and PME-11 was prepared without any additive (NaTPB). Response characteristics for the 
polymeric membrane electrodes PME-1, PME-10 and PME-11 incorporating varying amount of 
NaTPB are given in Table 1. It is clear from Table 1 that 1.5 mg NaTPB is the optimal content 
required for proper functioning of receptor I based silver(I) ion selective electrode. It may be due 
to the fact that 1.5 mg of NaTPB is the appropriate amount for the charge compensation of 
counter ion in the membrane and thus facilitates the process of the ion charge transduction. On 
the other hand, PME-11 which contains no lipophilic additive shows sub-Nernstian slope. That may 
be due to the presence of anionic impurities within the polymer matrix [41]. 

3.6. Effect of nature of plasticizer 

The dielectric constant of the membrane phase, the mobility of ionophore molecules and the 
state of ligands are dependent on the nature of the plasticizer incorporated in the membrane 
[14,42]. The selectivity and the sensitivity of the selective electrode strongly depend on the 
membrane composition and the nature of plasticizer used [11,43]. The effect of plasticizer on the 
potential response of silver(I) ion ISE incorporating  isoquinoline-1,3-dione receptor I as an ion 
carrier was studied by preparing different membrane sensors containing plasticizer such as DOS, 
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DBP, DOA, TBP, DOP and the results are summarized in Table 1. The electrodes PME-13 and  
PME-14, prepared by incorporating DOA and TBP, exhibited super-Nernstian slopes (71.86, 
77.56 mV dec-1), while DBP and DOP incorporating electrodes PME-12 and PME-15 exhibited  
sub-Nernstian response (29.25, 17.39 mV dec-1). The response of membrane sensor PME-1 
incorporating DOS as a plasticizer was found to be better in terms of Nernstian slope of 
58.44 mV dec-1 and wide linear concentration range of 1.0×10-1 M to 5.0×10-6 M. 

3.7. Effect of pH 

The potential response of an ion selective electrode is affected by pH of the analyte ion 
solution. The pH dependence of the polymeric membrane electrodes PMEs 1-4 containing 
receptors I-IV as ionophores were examined at 1.0×10-2 M concentration of silver(I) ions as shown 
in Fig. 4. The pH values were adjusted using conc. nitric acid and hexamine and the potential was 
measured after each addition. The electrode potential for all four electrodes remained constant 
over a pH range 1.0 to 5.5, which was the working pH range of the proposed silver(I) ion electrode. 
At lower pH<1 deviation in potential may be due to the hydrogen error of the indicator electrode, 
and the sharp change at higher pH values may be due to the formation of some hydroxyl 
complexes of the charge transport process by the membrane, thereby causing interference. 

 

 
Figure 4. Effect of pH on potential response of silver(I) ion selective polymeric membrane 

electrodes PME 1-4 based on isoquinoline-1,3-dione receptors I-IV as ionophores 

3.8. Response time and life time of proposed electrode 

The response time of an ion selective electrode is the average time required for attaining the 
equilibrium value of the potential. In this study the practical response time was recorded from 
lower to higher successive concentrations of silver(I) ions solutions (10-5 M to 10-1 M). A potential 
versus time trace for electrode PME-1 is shown in Fig. 5. It is evident that the electrode reached 
the equilibrium response in a very short time of less than 12 seconds and no change was observed 
up to 5 minutes. The life time of the present electrode was more than three months and electrode 
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potentials were reproducible. After more than three months the selectivity and sensitivity of 
polymeric membrane started degrading. It may be due to the leaching out of ionophores from the 
membrane. The response time of the proposed sensor PME-1 is compared with the best silver(I) 
ion-selective electrodes reported earlier in literature (Table 2). It is clear from Table 2 that 
proposed electrode is better as compared to other reported electrodes in regard to Nernstian 
slope, lower detection limit, pH range and working concentration range. 

Table 2. A comparative study of the proposed silver(I) ion selective electrodes with previously  
reported ion selective electrodes for silver(I) ion 

Ionophore Linear Range, M 
Detection
Limit, M 

pH
Range 

Slope,
mV dec-1 

Response 
time, s 

Ref.
No. 

Schiff-base (N2E,N2’E)-N2,N2’-
bis(thiophen-2-ylmethy-
lene)-1,1’-biNaphthyl-2,2’-di-
amine. 

1.0×10-7- 1.0×10-2 -a 2.0-6.0 57.40 9 [44] 

Calix[4]arene. 1.0×10-5- 1.0×10-2 - a >2 56.00 - a [45] 
Schiff-base–p-tert butyl-
calix[4]arene. 

1.0×10-5- 1.0×10-1 6.3×10-6 1.0-6.0 58.90 30 [32] 

Calix[4]arene. 1.0×10-1 - 1.0×10-4 1.0×10-4 - a 50.01 3 [46] 
Schiff-baseN,N,-Bis(pyridine-
2-Ylmethylene)benzene-1,2-
diamine. 

1.0×10-7- 1.0×10-1 - a 3.0-8.0 58.60 10 [47] 

Isoquinoline-1, 3-diones 5.0×10-6- 1.0 x 10-1 5.83×10-6 1.0-5.5 58.44 <12 This work 
a not available in the literature 

 

 
Figure 5. Response time of silver(I) ion selective electrode PME-1, based on isoquinoline-1,3-dione  

receptor I for step changes in concentration of silver(I) ion. (A) 1.0×10-5 M (B) 1.0×10-4 M   
(C) 1.0×10-3 M (D) 1.0×10-2 M (E) 1.0×10-1M.  

3.9. Electrode selectivity 

The most important characteristic of any ion-selective sensor is its response to the primary ions 
(A) in the presence of the secondary ions (B) in the solution, which is expressed in terms of the 
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potentiometric selectivity coefficients ( pot
A,BK ). In the present work the selectivity coefficients  

( pot
A,BLogK ) were determined using fixed interference method (FIM) based on the semi empirical 

Nikolsky-Eisenman equation [48]. In FIM, the selectivity coefficient was evaluated from potential 
measurements in solutions containing a fixed concentration of interfering cation (1.0×10-2 M) and 
varying amount of silver(I) ions. The potential values obtained are plotted versus the activity of the 
primary silver(I) ions. The potentiometric selectivity coefficients for proposed silver(I) ion selective 
electrodes PMEs 1-4 were evaluated by FIM as shown in Figure 6. Comparing selectivity data of 
polymeric membranes PMEs 1-4, it has been found that the pot

Ag ,B
LogK +  values for most of the 

secondary ions are better in case corresponding to PME-1. As seen from Fig. 6 the silver(I) ion 
electrode PME-1 is significantly more selective to silver(I) ions over all the interfering ions. 
Although, the selectivity coefficient value for mercury(II) ion is higher than the values for other 
secondary metal ions ( 2

pot

Ag ,Hg
LogK + +  = -2.81) still, it has been found that a mercury(II) ion does not 

interfere in the normal functioning of the proposed silver(I) ion selective electrode PME-1. 
Moreover, it is found that most of the studied cations such as K+, Zn2+, Fe3+, Cu2+, Co2+, Pb2+, NH4

+, 
Al3+, Mg2+, Na+, Li+ and Cd2+ would not cause any interference in determination of silver ions, even 
if present in large amount. 

 
Figure 6. Selectivity of silver(I) ion sensors based on isoquinoline-1,3-dione receptors I-IV 
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4. Analytical application 

The optimized proposed polymeric membrane sensor PME-1 was found to work well under 
laboratory conditions. Practical utility of the proposed sensors was tested by using them as 
indicator electrode for potentiometric titration of silver solution (1.0×10-2 M) with sodium chloride 
solution (1.0×10-2 M) as shown in Fig.7. The plot is of sigmoidal shape and the inflexion point of 
the plot corresponds to 1:1 stoichiometry of the AgCl precipitation. Therefore, the end point and 
the amount of silver(I) ions in the solution can be accurately determined by extrapolation of the 
three linear portions of the titration plot. Also, PME-1 was employed for the quantitative 
determination of silver(I) ion content in synthetic water (1 and 2), silver foil (3) and dental 
amalgam (4) samples. In case of silver foil, the sample was prepared by desolving it in diluted nitric 
acid (3 ml of double distilled water and 5 ml  of conc. HNO3), and then diluted to 100 ml by adding 
double distilled water. Silver(I) ion content in these samples was also determined volumetrically. 
The results summarized in Table 3 make it clear that both of these methods of analysis give 
compatible results providing the practical significance of proposed electrode. 

 

 

Figure 7. Potentiometric titration of 1.0 x 10-2 M silver(I) solution with 1.0 x 10-2 M NaCl using 
PME-1, based on isoquinoline-1,3-dione receptor I  

Table 3. Estimation of silver(I) ion content in synthetic water, silver foil and dental amalgam samples  

Sample 
Silver content, M 

Volumetric method Estimated using PME-I Compatibility, % 

Synthetic Water (1) 3.72×10-3 M 3.86×10-3 M 103.76 

Synthetic  Water (2) 6.69×10-4 M 6.58×10-4 M 98.36 

Silver foil (3) 9.13×10-3 M 9.23×10-3 M 98.91 

Dental amalgam(4) 1.67×10-2 M 1.61×10-2 M 96.41 
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5. Conclusion 

Isoquinoline-1,3-dione based receptor I has been found to be novel carrier of silver(I) ions in the 
PVC based polymeric membrane PME-1. The main advantage of the electrode is the simplicity of 
construction. It has good response properties and performance, with Nernstian response (58.44 
mV/decade) in the concentration range of the 1.0×10-1 M to 5.0×10-6 M and detection limit of 
5.83×10-6 M. The sensors have working pH range of 1.0 to 5.5 with fast response time of less than 
12 seconds. The selectivity coefficient indicated that PME-1 sensor is significantly selective to 
silver(I) ion over many different secondary ions. Even mercury(II) ions were not found to interfere 
in normal functioning of the proposed PVC membrane PME-1. Additionally, the life time of this 
electrode longer than three months could be of importance as well. The electrode was successfully 
applied as an indicator electrode for potentiometric titration of silver(I) ion solution against 
sodium chloride solution and it can be used for determination of silver(I) ion content in different 
real samples. 
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