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Abstract The construction and electroanalytical re-
sponse characteristics of poly(vinyl chloride) matrix ion-
selective sensors (ISSs) for drotaverine hydrochloride
are described. The membranes incorporate ion-associa-
tion complexes of drotaverine with tetraphenylborate,
picrate, tetraiodomercurate, tetraiodobismuthate, Rei-
necke salt, and heteropolycompounds of Keggin struc-
ture—molybdophosphoric acid, tungstophosphoric
acid, molybdosiliconic acid and tungstosiliconic acid as
electroactive materials for ionometric sensor controls.
These ISSs have a linear response to drotaverine
hydrochloride over the range 8·10�6 to 5·10�2 mol L�1

with cationic slopes from 51 to 58 mV per concentration
decade. These ISSs have a fast response time (up to
1 min), a low determination limit (down to
4.3·10�6 mol L�1), good stability (3–5 weeks), and
reasonable selectivity. Permeabilities and ion fluxes
through a membrane were calculated for major and
interfering ions. Dependences of the transport properties
of the membranes on the concentrations of the ion ex-
changer and near-membrane solution and their electro-
chemical characteristics are presented. The ISSs were
used for direct potentiometry and potentiometric titra-
tion (sodium tetraphenylborate) of drotaverine hydro-
chloride. Results with mean accuracy of 99.1±1.0% of
nominal were obtained which corresponded well to data
obtained by use of high-performance liquid chroma-
tography.

Keywords Drotaverine hydrochloride Æ Ion-selective
electrodes Æ Permeability coefficient Æ Ion flux

Introduction

Drotaverine (1-(3,4-diethoxybenzylidene)-6,7-diethoxy-
1,2,3,4-tetrahydroisoquinoline) hydrochloride, is an
isoquinoline derivative. It is a highly potent spasmolytic
agent [1]. This drug is capable of relieving spasms of
various organs, regardless of their function and inner-
vation. Drotaverine hydrochloride has been proved to
be superior in its efficiency to papaverine hydrochloride
and its absorption after oral administration is more
reliable [2].

For qualitative and quantitative determination of
drotaverine hydrochloride in biological fluids and in
pharmaceutical preparations high-performance liquid
chromatography has been reported [3]. However, this
method needs expensive equipment.

Ion-selective sensors (ISSs) are useful in pharmaceu-
tical analysis because of their low cost, ease of use and
maintenance, and the simplicity and speed of the assay
procedures [4–6]. Although ISSs have been widely used
in pharmaceutical analysis no electrodes responsive to
drotaverine have so far been described.
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To reveal regularities in the optimum selection of
ionophores for ion-exchange membranes with given
properties, it is necessary to study transport processes at
the surface of the membrane and in the membrane
phase. Usually these studies receive insufficient atten-
tion, although a knowledge of these processes and the
ability to control them will enable optimization of the
electrochemical characteristics of potentiometric devices.

This paper reports the use of simple potentiometric
sensors for determination of drotaverine hydrochloride
in pharmaceutical formulations. The sensors are based
on the use of tetraphenylborate, picrate, tetraiodomer-
curate, tetraiodobismuthate, Reinecke salts, and het-
eropolycompounds of Keggin structure for formation of
ion-association species. These species, which are char-
acterized by different lipophilicities and stabilities, were
used as electroactive substances (EAS) in plasticized
poly(vinyl chloride) matrix membranes. The ISSs based
on these membranes were prepared, characterized,
compared, and used for rapid and accurate selective
determination of drotaverine hydrochloride. We studied
the effect of some factors on the transport characteristics
of ion-exchange membranes (based on ion-associative
complex drotaverine with tetraphenylborate) to deter-
mine their main electrochemical properties—the per-
meability coefficient and ion flux through the surface.

Experimental

Equipment

Potentiometric measurements at 20±1�C were made
with an I-130 high-impedance pX-meter (Russia) using
membrane sensors in conjunction with the Radelkis OP-
0820P Ag/AgCl double-junction reference electrode
containing 1 mol L�1 KNO3 solution in the outer
compartment. Adjustment of pH was monitored with an
combination glass electrode. EAS composition was
determined by potentiometric or amperometric titration.
For the latter we used a polarograph and a rotating
platinum electrode. Analysis to determine the drotaver-
ine ion concentration was performed with a Varian
Model 5029 HPLC system.

Reagents and preparation of solutions

All solutions were prepared with deionized water. The
chemicals used were all of analytical grade. Sodium
tetraphenylborate (Na[B(C6H5)4]), sodium picrate
(Na[C6H2(NO2)3O]), sodium tetraiodobismuthate (Na
[BiI4]), potassium tetraiodomercurate (K2[HgI4]), Rei-
necke salt (NH4[Cr(NH3)2(SCN)4]) and heteropoly-
compounds of Keggin structure—molybdophosphoric
acid (H3[PMo12O40]), tungstophosphoric acid
(H3[PW12O40]), molybdosiliconic acid (H4[SiMo12O40]),
and tungstosiliconic acid (H4[SiW12O40])—were ob-
tained from Aldrich; poly(vinyl chloride) (PVC, high

molecular weight) was from Fluka. We used low-per-
mittivity membrane solvents (MS) (�<10), such as
dioctyl phthalate (DOP), dibutyl phthalate (DBP), bis(2-
ethylhexyl)sebacate (EHS), and heptyl benzoate (HB)
from Reakhim (Russia). 1-(3,4-diethoxybenzilyden)-6,7-
diethoxy-1,2,3,4-tetrahydroisoquinoline hydrochloride
(drotaverine hydrochloride, hereafter [C24H32O4N]+

Cl�), 6,7-dimethoxy-1-(3,4-dimethoxybenzyl)isoquino-
line hydrochloride (papaverine hydrochloride,
[C20H22O4N]+[Cl]�), benzhydrol hydrochloride b-dim-
ethylaminoethyl ether (diphenhydramine hydrochloride
[C17H22ON]+[Cl]�), 2-benzylbenzimidazole hydrochlo-
ride (bendazole hydrochloride [C14H12N2]

+[Cl]�), 10-(2-
dimethylaminopropyl)-phenothiazine hydrochloride
(promethazine hydrochloride, [C17H21SN2]

+[Cl]�), di-
ethylaminoethyl p-aminobenzoate hydrochloride (pro-
caine hydrochloride, [C13H21O2N2]

+[Cl]�), piperazine
dihydrochloride ([C4H12N2]

2+2[Cl]�), and N -cetylpy-
ridinium chloride ([C16H33N]+[Cl]�), purity 99.5%,
were obtained from the Nanjing Pharmaceutical Factory
(China). Tablets and injections of drotaverine hydro-
chloride were purchased from a local drug store.

Procedures

Preparation of ion exchangers

The ion-association complexes were prepared by
mixing stoichiometric amounts of 0.05 mol L�1 solution
of sodium tetraphenylborate (and also Na[C6H2

(NO2)3O], K2[HgI4], Na[BiI4], NH4[Cr(NH3)2(CNS)4],
H3[PW12O40], H3[PMo12O40], H4[SiW12O40], and H4[Si-
Mo12O40]) with an equimolar solution of drotaverine
hydrochloride. The precipitates were filtered and washed
with deionized water several times until there was no
white precipitate when a drop of AgNO3 was added to
the washing solution. The precipitates were then dried at
25�C under vacuum for at least 48 h. The ion-association
complexes should be stored in a desiccator.

PVC membrane sensors

The ion-selective membranes were prepared as described
elsewhere [7]. In a glass Petri dish (5 cm diameter),
drotaverine ion exchangers were thoroughly mixed with
plasticizers and PVC in amounts depending on the
structure of a membrane. The mixture was dissolved in
5 mL cyclohexanone. The Petri dish was covered with a
filter paper and left to stand overnight to enable solvent
evaporation at room temperature. Membranes of
thickness 0.3 mm were obtained.

Sensor assembly and calibration

Punched circular membranes (ca. 8 mm diameter) were
used to assemble the sensors. The ISSs bodies were filled
with an inner filling solution containing 0.01 mol L�1
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drotaverine hydrochloride and 0.1 mol L�1 KCl. ISSs
were conditioned by soaking in 1·10�2 mol L�1 aque-
ous drotaverine hydrochloride solutions for 24 h and
stored in the same solution when not in use.

Membrane ISSs were calibrated by immersion in
1·10�2�1·10�6 mol L�1 drotaverine hydrochloride
solutions and left to equilibrate with constant stirring in
conjunction with an Ag/AgCl reference electrode. The
ISSs were stored in bidistilled deionized water between
measurements. The electrode potential was recorded as a
function of drotaverine hydrochloride concentration in
an electrochemical cell:

The calibration plots obtained were used for sub-
sequent measurement of unknown drotaverine hydro-
chloride concentrations.

Potentiometric selectivity coefficients:ðKPot
DrotHþ;Jþ

Þ
were determined by the separate solutions method.

Membrane-transport experiment

The transport properties of membranes were studied
using a cell consisting of two sections of equal volumes
separated by an ion-exchange membrane (Fig. 1). The
area of the membrane between two aqueous solutions
was 2·10�3 m2. A drotaverine hydrochloride solution of
the required concentration was placed in section 1, and

doubly distilled water was placed in section 2. Both
phases were stirred. At regular intervals, samples were
taken from the reservoirs with a glass pipette with a
volume of 2–5 mL and diluted with doubly distilled
water. The concentrations of drotaverine hydrochloride
were determined by spectrophotometric method.

Solubility product of drotaverine ion-exchangers

Because drotaverine hydrochloride has absorption peaks
in the UV range (molar extinction coefficient approx.

20,000 L mol�1 cm�1, kmax=260 nm), the solubility
products (SP) of EAS were calculated from spectro-
photometry data (Specord M-40), using equilibrium
concentrations of drotaverine cations in the solution
above the solid, after construction of a calibration plot.

Direct potentiometric determination of drotaverine
hydrochloride in tablets

The contents of one tablet were mixed with deionised
water and transferred to a 100-mL volumetric flask and
diluted to volume, to give a ca. 1·10�3 mol L�1 solution
of drotaverine hydrochloride. Aliquots of this solution
were separately transferred to 100-mL volumetric flasks

Fig. 1 Diagram of the set-up
for studying ion transport
through selective membranes:
(1) glass arm stirrer, (2) cover,
(3) Plexiglas vessel, (4) ion-
exchange membrane containing
the neutral complex of the ion
exchanger IS, (5) solution
(section 1, [C24H32O4N]+Cl�,
concentration c1; section 2,
doubly distilled water gradually
enriched with
[C24H32O4N]+Cl� because of
the migration of ions from
section 1), (6) fixing plates, and
(7) holding frames

Str. 2

1644



and diluted to volume with water. Aliquots (25 mL) of
each of these solutions were transferred to 100-mL
beakers. The electrode system was immersed in each
solution and the reading was recorded and compared
with the calibration plot.

Potentiometric titration of drotaverine hydrochloride

Solutions of drotaverine hydrochloride were transferred
to 50-mL beakers. A membrane ISS in conjunction with
an Ag/AgCl reference electrode was immersed in the
solution which was titrated with 1·10�2 mol L�1 so-
dium tetraphenylborate solution. The mV reading was
recorded after each addition of titrant.

Results and discussion

Structure of electroactive substances

The picrate, tetraphenylborate, [BiI4]
�, and

[Cr(NH3)2(CNS)4]
� anions react with the drotaverine

cation to form stable 1:1 ion-association complexes. It is
known [8] that a metal atom forming the heteropolya-
nions used in our experiments can be reduced from an
oxidation state of +5 to +3. This property was used in
amperometric titrations and to establish the composi-
tion of the associates. The half-wave potential was
�0.74 V for heteropolycompounds containing molyb-
denum (H3PMo12O40 and H4SiMo12O40) and �0.54 V
for heteropolycompounds containing tungsten
(H3PW12O40 and H4SiW12O40). The results of the
amperometric titrations are listed in Table 1. The dro-
taverine-to-heteropoly anions ratio was found to be 1:3
and 1:4, which corresponds to the following stoichiom-
etry of reaction:

n½C24H32O4N�þCl� þHn½PðSiÞMe12O40�
! ð½C24H32O4N�þÞn½PðSiÞMe12O40�n� # þn HCl

The SP (Ks) of the ion-exchangers are listed in Ta-
ble 2. The lowest SP are for ion-associates of the dro-
taverine cation with anions of high molecular weight and
high lipophilicity.

Transport properties of [C24H32O4N]+[B(C6H5)4]
� -

selective membranes

For description of diffusive mass transfer through an
ion-exchange membrane, we use the equation [9]:

ln 1� 1þ V2

V1

� �
cs
2

c�1

� �
¼ �PS

1

V1
þ 1

V2

� �
s; ð1Þ

where P is the permeability coefficient, m s�1; c2
s is the

average molar concentrations of the solution in section
2 at time s, and c1

0 is the initial molar concentration of
the solution in section 1 (Fig. 1); V1, V2, and S are the
volume of section 1, volume of section 2, and the area of
the membrane surface in contact with the solution,
respectively.

Generally, solvent transfer does not significantly af-
fect the change in solution volumes in sections 1 and 2;
therefore, in first approximation these changes can be
ignored in calculations of membrane permeability and
the initial values of volumes V1

0 and V2
0 can be used.

Table 1 Results from amperometric titrations of drotaverine
hydrochloride by various compounds

H3[PMo12O40] H3[PW12O40] H4[SiMo12O40] H4[SiW12O40]

2.8±0.3 2.7±0.1 4.1±0.1 4.0±0.2
2.9±0.1 2.7±0.2 4.2±0.1 4.1±0.3
2.8±0.2 2.6±0.3 4.3±0.1 4.1±0.3
3.0±0.2 2.8±0.2 4.0±0.2 3.8±0.2
3.1±0.3 3.0±0.3 4.1±0.1 4.1±0.3
2.9±0.2 3.2±0.2 4.3±0.2 4.0±0.2

Table 2 Solubility product (Ks) of some drotaverine ion-exchangers

Lipophilic anion Ks

[B(C6H5)4]
� (3.7±0.3)·10�12

[C6H2(NO2)3O]� (2.5±0.4)·10�9
[HgI4]

2� (7.6±0.3)·10�15
[BiI4]

� (5.6±0.2)·10�9
[Cr(NH3)2(SCN)4]

� (2.2±0.2)·10�11
[PMo12O40]

3� (4.2±0.4)·10�25
Fig. 2 Dependence of ln 1� 1þ V 0

2

V 0
1

� �
cs
2

c�
1

n o
on time (s, h) for a

membrane based on [C24H32O4N]+[B(C6H5)4]
+
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The permeability coefficient of an ion-exchange
membrane P can be calculated from the slope of the plot

constructed in ln 1� 1þ V 0
2

V 0
1

� �
cs
2

c�
1

n o
versus s coordinates.

Figure 2 shows a typical relationship of this type for
a membrane based on [C24H32O4N]+[B(C6H5)4]

+. As
seen in Fig. 2, the plot is a straight line passing through

the origin of slope PS 1
V 0
1

þ 1
V 0
2

h i
:

The values of permeabilities and ion fluxes for
membranes of constant composition with different
concentrations of [C24H32O4N]+[Cl]� solution in section
1 (Table 3) demonstrate that there is no clear linear
correlation between the concentration of
[C24H32O4N]+[Cl]� in section 1 and the permeability
coefficients of the ion-exchange membrane at its fixed
thickness and cross-sectional area. However, we can
generally state that the permeability of membranes de-
creases with increasing concentration of
[C24H32O4N]+[Cl]� in section 1. Evidently, this is re-
lated to rapid saturation of the membrane and, as a
consequence, to the existence of difference of potentials
in the system between the surface and the membrane
phase, which, in turn, leads to a decrease in ion transfer
through the phase surface. The value of the flux typically
approaches a constant value on increasing the concen-
tration of [C24H32O4N]+[Cl]� in section 1. This supports
the theory that transfer is limited by diffusion through
the aqueous boundary layer which forms at the surface
of the membrane on contact with the solution.

The absence of correlation is because even the most
strongly associated ion exchanger has a dissociation

constant in the membrane solvent (DOP) larger by an
order of magnitude than its solubility product (Ks) in
water. Evidently, the smaller the dissociation constant of
the ion exchanger, the faster the aqueous phase is satu-
rated with the ion exchanger. Leaching of the ion ex-
changer, which must occur to some extent, has a
detrimental effect on the electrochemical and perfor-
mance characteristics of ion-selective electrodes because
it inevitably leads to their degradation.

Permeability and ion flux depend on the concentra-
tion of the ion exchanger in the membrane phase (Ta-
ble 4, Fig. 3). Figure 3 shows the dependence of the
concentration of [C24H32O4N]+[Cl]� in the enriched
solution on the composition of the membrane and the
concentration of the near-membrane solution. The
nearly linear form of the time dependence of concen-
tration c2

s in Fig. 3 can be explained by analyzing

Eq. (1). According to Fig. 2, ln 1� 1þ V 0
2

V 0
1

� �
cs
2

c�
1

n o
\1;

Table 3 Dependence of permeability and ion flux on the concen-
tration of drotaverine hydrochloride solution for a membrane
based on [C24H32O4N]+[B(C6H5)4]

� with a ion exchanger con-
centration of 1·10�2 mol kg�1 (MS) plasticized with DBP

Concentration of on
[C24H32O4N]+ in
section 1 (mol L�1)

Permeability
coefficient
P (m/s)

Ion flux J
(mol m�2 s�1)

Correlation
coefficient (r)

2.5·10�2 1.1·10�9 3.2·10�8 0.96
1.0·10�2 2.3·10�9 3.0·10�8 0.95
7.3·10�3 5.1·10�8 3.3·10�8 0.98
5.0·10�3 1.8·10�8 8.9·10�8 0.98
1.0·10�3 4.2·10�8 9.6·10�8 0.99
2.5·10�4 3.4·10�7 1.4·10�7 0.98

Table 4 Dependence of permeability and ion flux on the concen-
tration of the ion exchanger [C24H32O4N]+[B(C6H5)4]

� in the
membrane phase

Concentration of the
ion exchanger
[mol kg�1 (MS)]

Permeability
coefficient
P (m s�1)

Ion flux J
(mol m�2 s�1)

5.1·10�2 5.3·10�7 3.2·10�7
1.2·10�2 2.4·10�7 1.0·10�7
6.5·10�3 7.0·10�8 8.3·10�8
3.5·10�3 5.1·10�8 6.4·10�8
1.3·10�3 2.3·10�8 3.1·10�8

Table 5 Permeability coefficient and ion flux through the mem-
brane|solution boundary for membranes based on
[C24H32O4N]+[B(C6H5)4]

� for different counterions

Dissolved
compound

Permeability
coefficient
P (m s�1)

Ion flux
J (mol m�2 s�1)

[C16H33N]+[Cl]� 4.1·10�7 2.7·10�6
[C17H21SN2]

+[Cl]� 3.4·10�8 2.4·10�7
[C20H22O4N]+[Cl]� 1.5·10�8 1.0·10�7
[C14H12N2]

+[Cl]� 8.7·10�9 5.8·10�8
[C17H22ON]+[Cl]� 4.3·10�9 2.7·10�8
[C13H21O2N2]

+[Cl]� 3.9·10�9 2.5·10�8
[C4H12N2]

2+ 2[Cl]� 1.8·10�9 1.2·10�8

Fig. 3 Effect of membrane composition and the concentration of
the near-membrane solution on the time dependence of the
concentration of [C24H32O4N]+Cl� in the enriched solution: (filled
triangles) cIS=5.0·10�3 mol L�1, near-membrane solution was
[C24H32O4N]+Cl� with c=1.0·10�2 mol L�1; (filled squares)
cIS=7.5·10�3 mol L�1, near-membrane solution was
[C24H32O4N]+Cl� with c=2.5·10�4 mol L�1; and (filled circles)
cIS=1.0·10�2 mol L�1, near-membrane solution was
[C24H32O4N]+Cl� with c=1.0·10�3 mol L�1
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and, consequently, the product
cs
2

c�
1
� 1þ V 0

2

V 0
1

� �
is also less

than unity; then Eq. (1) can be written in the form:

1þ V 0
2

V 0
1

� �
cs
2

c�1
¼ PS

1

V1
þ 1

V2

� �
s: ð2Þ

To a first approximation, the ratio of volumes
V 0
2

V 0
1

is a

constant value; therefore, introducing designations

1þ V 0
2

V 0
1

� �
¼ a and PS 1

V1
þ 1

V2

h i
¼ b; we obtain

cs
2 ¼

b
a

c�1s: ð3Þ

According to Eq. (3), the dependence of on t is, to a
first approximation, described by a straight line, which
also follows from Fig. (3).

The dependence of P and J on the nature and con-
centration of interfering ions for the membrane on the
basis of [C17H22ON]+[B(C6H5)4]

� is presented in Ta-
ble 5. It is seen that the permeability of the membrane
with respect to counterions increases in the order
[C4H12N2]

2+2[Cl]�<[C13H21O2N2]
+[Cl]�<[C17H22ON]+

[Cl]�<[C14H12N2]
+[Cl]�<[C20H22O4N]+[Cl]�<[C17H21

SN2]
+[Cl]�<[C16H33N]+[Cl]�, which corresponds both

to the order of extractability of compounds to the
membrane solvent phase and to the order of ion-ex-
change affinity. This fact supports the theory of a con-
jugated transfer mechanism with the predominance of at
least two determining factors—extraction distribution of
charged particles to the membrane and their transfer,
because of preferable binding with the lipophilic anion,
as a result of the ion-exchange reaction

Lþ þ �I�S ! 
�L�Sþ Iþ:

where L+ denotes the lipophilic counterion.

As a result of ion exchange, the aqueous phase is
gradually enriched with I+ cations, which initially enter
into the composition of the ion exchanger IS, and the
membrane becomes sensitive to both I+ and L+ cations
because a thermodynamically controlled mixture of IS
and LS capable of ion-exchange with solution compo-
nents is formed at the surface of the membrane and in
the bulk. An important consequence from the above
discussion is presented in Fig. 4. In Fig. 4, the selectivity
coefficient of the ISS membrane is related to the ratio of
the permeabilities of the membrane to the counterion,
which increases on changing from less lipophilic to more
lipophilic counterions, which, in turn, associate to a
greater extent on binding with a lipophilic anion in the
membrane phase. This proves once more that the
selectivity of membranes in which active centers and
counterions are nearly fully associated depends both on
the extraction selectivity of the membrane solvent–
plasticizer and on the specificity of the bond formed by
active centers with counterions.

Electroanalytical characteristics of the electrode

Electrode response

The critical response characteristics of drotaverine ISSs
at 20�C are given in Table 6. Calibrations were per-
formed at constant pH and ionic strength. The response
of the sensors was linearly dependent on the concen-
tration of aqueous drotaverine hydrochloride solutions
over a wide range. The characteristics of ISSs strongly
depend on the nature of the electroactive substance. The
ISSs had a Nernstian response with very good linearity
for drotaverine hydrochloride. The lower detection limit
observed for the drotaverine ISSs based on drotaverine–

Fig. 4 Correlation between
the potentiometric selectivity
coefficients and the ratio of
the permeabilities of the
membrane based on
[C24H32O4N]+[B(C6H5)4]

�
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tetraphenylborate and drotaverine–molybdophosphate
was determined in accordance with IUPAC recommen-
dations and was found to be (4.3±0.2)·10�6 mol L�1

and (5.5±0.4)·10�6 mol L�1 drotaverine hydrochlo-
ride, respectively. The potential readings were stable and
consistent to ±5 mV within the same day and were
reproducible to within ±2 mV in a 1·10�2 mol L�1

drotaverine hydrochloride solution for 4 h continuous
use. The time required for the ISSs to reach 90% of final
response was less than 60 s. The stability and repro-
ducibility of the response of the ISSs was good. The
electrodes were sufficiently stable to give satisfactory
responses after 3 weeks of storage in distilled water with
no noticeable degradation.

Studies of the linear concentration ranges of the ISSs
showed that linear concentration ranges correlated with
the solubility in water of the EAS (Fig. 5). As the sol-
ubility of ionophores in water decreased, the linear
concentration ranges extended. This interesting effect
demands further research.

Effect of pH

The effect of pH on the potential of the ISSs was
checked by recording the e.m.f. of a standard cell and

varying the acidity by addition of small volumes of
hydrochloric acid and/or potassium hydroxide solution
(1.0 mol L�1 each). It was found that the drotaverine-
sensitive ISSs based of drotaverine ion-association
complexes had virtually no pH response over the range
2.0-7.0 pH units (Fig. 6). That means the protonated
form of drotaverine could be maintained in the range of
2.0-7.0 pH units. Decrease in the potentials at pH>7 is
presumably because of the formation of the deproto-
nated drotaverine species and precipitation of free dro-
taverine base in the test solutions, which were not sensed
by the electrode.

Selectivity of the electrodes

The potentiometric selectivity coefficient defines the
ability of an ISS to distinguish a particular ion from
others. It is one of the most important characteristics of
an ISS, because it often determines whether reliable
measurement in the target sample is possible. Consid-
ering possible utilization of the drotaverine-selective
sensors for analysis of biological samples, for example
urine and blood, some substances which might be
present after sample preparation were selected. Inter-
ferences of common organic and inorganic cations with

Fig. 5 Correlation of linear concentration ranges of ISSs (DpC)

with solubility in water of drotaverine EAS � lg
ffiffi
½

p
xþ y�K

IxSy
S

xxyy

� � Fig. 6 Effect of pH on the response of the [C24H32O4N]+

[B(C6H5)4]
� selective membrane electrode at 25�C

(1·10�2 mol L�1 drotaverine hydrochloride solution)

Table 6 The average response characteristics for drotaverine hydrochloride PVC membranes using the proposed sensors (the membrane
solvent was DBP)

Ion-exchanger Concentration range (mol L�1) Slope (mV per decade) Detection limit (mol L�1)

[C24H32O4N]+[B(C6H5)4]
� 5.0·10�2 –7.9·10�6 58±2 (4.3±0.2)·10�6

[C24H32O4N]+[C6H2(NO2)3O]� 2.7·10�2 –1.2·10�4 51±4 (7.2±0.4)·10�5
[C24H32O4N]+[BiI4]

� 2.6·10�2 –1.6·10�4 51±2 (3.3±0.4)·10�5
[C24H32O4N]+[Cr(NH3)2(SCN)4]

� 2.5·10�2 –1.7·10�5 54±3 (8.7±0.4)·10�6
C24H32O4N½ �2þ [HgI4]

2� 2.5·10�2 –6.3·10�5 55±2 (2.0±0.4)·10�5
C24H32O4N½ �3þ [PW12O40]

3� 1.0·10�2 –3.9·10�5 55±2 (1.3±0.4)·10�5
C24H32O4N½ �3þ [PMo12O40]

3� 3.0·10�2 –1.0·10�5 56±2 (5.5±0.4)·10�6
C24H32O4N½ �4þ [SiW12O40]

4� 3.1·10�2 –3.8·10�5 54±2 (1.1±0.4)·10�5
C24H32O4N½ �4þ [SiMo12O40]

4� 2.5·10�2 –4.4·10�5 52±2 (1.2±0.4)·10�5
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selectivity of the proposed electrodes were studied by the
separated solution method (SSM) recommended by the
IUPAC [10]. The concentrations of drotaverine hydro-
chloride and the interferents were kept at a level of
1·10�2 mol L�1 in solutions of the same pH at 20±2�C.
The potentiometric selectivity coefficients (Ki,j

pot) listed in
Table 7 show that the proposed electrode had reason-
able selectivity toward drotaverine hydrochloride. There
was no significant interference from most of the tested
substances, with the exception of cetylpyridinium chlo-
ride, which caused slight interference. Apparently with
this compound a membrane potential is formed as a
result of electrostatic interaction of the ion with a sur-
face of a membrane and the characteristics of sensors are
determined by the hydrophobicity of interfering ion
which has an adverse effect on electrode response owing
to sorption on the membrane surface.

Effect of ionophore concentration and the nature
of the membrane solvent on the sensitivity of ISSs

Drotaverine sensors prepared with different amounts of
ionophore were evaluated for their potential response as
a function of the different activities of the drotaverine
cations. The working range and the sensitivity of the
ISSs for drotaverine cations improved appreciably on
increasing the amount of the ionophore in the mem-
brane matrix up to a limit of 1·10�2 mol kg�1 MS. The
sensors with low amounts of the ionophore (below
10�4 mol kg�1 MS) are not suitable for detection of
drotaverine cations owing to poor sensitivity. Sensors
prepared with more ionophore (concentration higher
than 5·10�2 mol kg�1 MS had improved lower and
upper detection limits. ISSs prepared with
1·10�2 mol kg�1 MS of ionophore have the highest
working range of 1.5·10�5 to 5.0·10�2 mol L�1 and
high slope of 58 mV per decade activity of the drota-
verine cations. On further increasing the amount of the
ionophore beyond 1·10�2 mol kg�1 MS, sensor re-
sponse was not improved and interference from other
cations was clearly observed.
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Table 8 Sensitivities of drotaverine ISSs

Membrane Detection limit
(mol L�1)

EAS �c�EAS ðmol=LÞ MS

[C24H32O4N]+

[B(C6H5)4]
�

1.01·10�2 DOP (8.9±0.5)·10�6
5.22·10�3 (7.5±0.4)·10�6
1.01·10�3 (5.1±0.4)·10�6
1.41·10�4 (1.9±0.4)·10�6
1.50·10�2 DBP (4.3±0.3)·10�6

[C24H32O4N]+

[C6H2(NO2)3O]�
1.79·10�2 DOP (8.3±0.2)·10�5
2.00·10�2 EHS (5.0±0.3)·10�5

[C24H32O4N]+

[Cr(NH3)2
(SCN)4]

�

1.85·10�2 DOP (9.1±0.1)·10�6

[C24H32O4N]+

[BiI4]
�

5.17·10�3 HB (4.0±0.5)·10�5
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Increasing the amount of the ionophore in the sensing
membrane enhances the detection limits of the ISSs and
interference of the interfering cations can be avoided by
recording potential measurements in diluted solution.

As was shown earlier [11], the detection limit (DL) for
liquid membranes is mainly governed by the association
constant of an ion exchanger in a membrane solvent
(kEAS

as ), the ionophore concentration in the membrane
ð�c�EASÞ; , and the distribution coefficient of the ionic form
of compound (Kext). Detection limit is described by the
equation:

DL ¼

ffiffiffi
2
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2�c�EASkasEAS þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4�c�EASkasEAS

p
þ 1

q
2KextkasEAS

: ð4Þ

It is known that membrane solvents with low values
of dielectric permittivity have weak solvating ability [12].
Association of most of the ions to form ion pairs is
considered to be the main property of such solvents. In
the explanation of electrolyte behavior in these media,
assumptions are made about a small difference in sol-
vation energies of ion pairs and single species and about
the absence of specific interactions between a solute and
a solvent. On the other hand, it is known that kEAS

as of
ionophores in such membrane solvents are rather high
[13]. The transmembrane potential of ISSs is governed
by the electrochemical properties of boundary layers
formed at the membrane–aqueous solution interface.
Hence, it may be assumed that, because of the pene-
tration of water into the membrane medium, kEAS

as of
ionophores are close to the reciprocal of their SP [14].
This is confirmed by a correlation between linear con-
centration ranges of ISSs and the solubility in water of
EAS, presented in Fig. 5. The values of solubility
product of ionophores are presented in Table 2.

Table 8 shows the dependence on the concentration
of ion exchangers and nature of membrane solvents of
the DLs of ISSs. By analysing outcomes and comparing
them with the equation for DL it is possible to draw a
conclusion that the distribution constants of drotaverine
hydrochloride for membrane solvents with low dielectric
permeability are close and the DL are more dependent
on the solubility product of ion exchangers. Smaller DL
are characteristic of less water-soluble ion exchangers.

Analytical applications

The excellent characteristics of these ISSs enhance their
potential usefulness for pharmaceutical and biochemical
analysis. The proposed ISSs were used for assay of the
drotaverine hydrochloride content of injections and
tablets by the standard addition method and potentio-
metric titration method. Results from the potentiometric
method are compared with those from the high-perfor-
mance liquid chromatographic method [3] in Table 9. As
can be seen, high precision was obtained (RSD<1%) by
use of the potentiometric method.

Conclusion

Simple potentiometric ISSs for determination of drota-
verine hydrochloride are described. They are based on
the use of tetraphenylborate, picrate, tetraiodomercu-
rate, tetraiodobismuthate, Reinecke salts, and hetero-
polycompounds of Keggin structure (H3[PMo12O40]),
H3[PW12O40], H4[SiMo12O40], and H4[SiW12O40]) in the
formation of ion-association species. ISSs based on these
membranes were prepared, characterized, compared,
and used for rapid and accurate selective determination
of drotaverine hydrochloride. The main transport
properties were studied for selective membranes with
low dielectric constants based on drotaverine–tetraphe-
nylborate ion exchanger. Permeabilities and ion fluxes
through a membrane were calculated for major and
interfering ions. Dependences of the transport properties
of the membranes on the concentrations of the ion ex-
changer and near-membrane solution, and their poten-
tiometric characteristics, are presented.
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