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A plasticised poly(vinyl chloride) optode membrane incorporated with a calix[6]arene hexaester, a H™-selective
chromoionophore (3,3,5,5 -tetramethyl-N,N-dibenzylbenzidine, a novel synthetic cationic dye) and a lipophilic potassium
tetrakis(4-chlorophenyl)borate was used as a sensing device for the indirect optical determination of potassium ions. It
exhibited a reversible response to the potassium ion in 0.05mol/l HCI buffer media in the concentration range from
1 X 107%to 1 X 10 >mol/l. The linear range was from 1.53 X 10> to 3.20 X 10> mol/l. The proposed optode sensor
exhibited a fast response of less than 1 min, good repeatability (n = 7, RSD = 3.62%) at 5 X 10> mol/l, and long-term
stability with 92% of its initial sensitivity after 1 month of storage. The selectivity of the potassium-selective membrane
allows its application for the detection of the potassium concentration in real sample analysis. The result was satisfactory

compared with atomic absorption spectrometry.

Keywords: optode membrane; potassium ion; calix[6]arene hexaester supramolecular; ion-exchange mechanism

1. Introduction

Calix[n]arenes, which are cyclic oligomers of phenol—
formaldehyde condensates, have emerged as one of the
most important supramolecular hosts since their OH
groups on the lower rim can be selectively functionalised
(1-4). Calixarenes that have a 3D structure associated
with versatile recognition properties can form very stable
complexes with metallic or organic ions and neutral
molecules as well (5, 6). The size and geometry of
calixarenes have been determined by the functionalisation
of the upper rim, the lower rim or both (7-9). This is the
reason for calixarenes to be superior to crown ethers and
cyclodextrins and to have high selectivity for various guest
molecules (10, 11). Calixarenes are frequently selected as
host molecules in sensor research due to their well-defined
frame and chemically stable intermolecular cavity of
tunable size and coordination selectivity (/2—14). Special
applications in molecular switches have also been reported
(15). Moreover, considerable interest has been focused on
the preparation of calixarene ionophore based on optodes
(16-18).

Optical sensors have attracted the attention of many
researchers because of their small size, ease of operation
and freedom from electrical interference. Another
advantage of the optical sensor versus electrical methods
for studying the multiple weak interactions is that the

potentiometric response of ion-selective electrode (ISE)
membranes is, in most cases, related to the phase boundary
ion activity on the sample side of the sample—membrane
interface (/9). In the optode systems, a cation-selective
neutral ionophore is used to recognise a given cation, and a
proton-selective dye is used to provide absorbance or
fluorescence signals. The optode systems share a common
ion-exchange response principle (20, 21). It is well known
that the sensing principle of optode membranes of an ion-
exchange system is based on a reversible mass transfer of
the analyte from the sample into the bulk of sensing layer,
which is very much like that of a process in biomembranes
(22). Until now, most of the optodes have been based on
absorbance measurements since proton-selective chromo-
ionophores are used (/6, 23). However, the fluorescent ion-
exchange optode reveals the possibility to develop highly
selective and sensitive optode systems. On the basis of the
aforementioned reasons, it is our objective to design a
novel fluorescent optode based on ion-exchange mechan-
isms to synthesise 3,3',5,5'-tetramethyl-N,N-dibenzylben-
zidine (TMB) as a fluorescent indicator for the detection of
cationic species.

Potassium contents are related to renal diseases (24).
These diseases restrict patients from a diet containing a
large amount of potassium. From the potassium determi-
nation, medical information concerning physical
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conditions of the patient can be obtained. When potassium
concentration in human serum becomes higher than
9 mmol/dm?>, the heart often stops (25). Hence, accurate,
easy and rapid sensing of potassium ions is very essential.

Current research for determination of potassium is
mostly limited to electrochemical determinations (26—28)
and absorption optode systems (77, 29). In this work, we
fabricate a new fluorescent ion-exchange optode for
potassium ion determination. The optode membrane
contains an ionophore (calix[6]arene hexaester) as the
host selective to the potassium ion, a novel chromoiono-
phore, TMB, selective to the hydrogen ion and a lipophilic
potassium tetrakis(4-chlorophenyl)borate (KTpCIPB) as
the anionic site. Owing to the specific host—guest
interaction between the calixarene ionophore and the
potassium metal ion, the construction of the sensor for
potassium determination can be achieved using the
proposed optode-membrane system. The proposed potass-
ium ion sensor shows fast response and high selectivity. It
was successfully applied to determine the potassium ion
concentration in real samples and the results were
satisfactory.

2. Experimental
2.1 Chemicals and reagents

Bis(2-ethylhexyl) sebacate (DOS), high molecular weight
poly(vinyl chloride) (PVC) and KTpCIPB were purchased
from Fluka (Buchs, Switzerland). Calix[6]arene hexaester
and ethyl bromoacetate were obtained from Aldrich
(Milwaukee, WI, USA). Quality control serum samples
were obtained from Ciba Corning (Irvine, CA, USA).
All solutions were prepared with distilled water.
Inorganic and organic chemicals were of the analytical-
reagent grade and used without further purification.

2.2 Synthesis of TMB

The cationic dye TMB was synthesised according to the
following procedures. A fresh distilled solution of
0.83 mmol benzylaldehyde was added to a stirred solution
of 3,3,5,5-tetramethylbenzidine (80 mg, 0.33 mmol) in
10 ml of absolute ethanol. The mixture was allowed to stir
for 4h at room temperature. The mixture was ice-cooled
and the precipitate was collected by suction filtration. The
crude TMB was washed with a small amount of cold
ethanol. A dry, two-necked flask was charged with 8 ml of
dry tetrahydrofuran (THF) and 44mg of lithium
aluminium hydride. TMB in 5ml of dry THF was added
dropwise to the reaction flask. The mixture was stirred at
room temperature overnight. The unreacted lithium
aluminium hydride is cautiously hydrolysed by dropwise
addition of water. After the completion of hydrolysis, the
reaction mixture was extracted with ether and purified

by silica gel column chromatography (eluent petroleum
ether/ethyl acetate 8:2) to afford TMB (73%). The product
was characterised by '"H NMR: (400 MHz, CDCls), 2.323
(s, 12H, 4CHs3), 3.218 (s, 2H, 2CH,), 7.225 (s, 4H,
aromatic), 7.364 (m, 10H, aromatic) and 13C NMR:
(100 MHz, CDCly), 18.66, 52.96, 127.14, 127.26, 127.97,
128.56, 129.91, 134.87, 140.42, 144.73. Anal. calcd for
C;0H3,N,: C, 85.67; H, 7.67; N, 6.66. Found: C, 85.39; H,
7.72; N, 6.73.

2.3 Optode membranes fabrication

The optode membrane M1 was obtained by dissolving
25mg of PVC, 50mg of DOS, 1.8mg (3.57 wmol) of
anionic site (KTpCIPB), 4.1 mg of calix[6]arene hexaester
and 1.5mg of TMB in 1 ml of freshly distilled THF. On a
quartz-glass plate (diameter 35 mm; thickness 0.3 mm),
0.2 ml of the mixture was pipetted, which was mounted on
a home-made spin (rotating frequency 600 rpm)
aluminium alloy rod. After a spinning time of 5s, a
reproducible and thin (approximately 4 wm) membrane
was obtained onto the quartz plate.

In a similar manner, membranes M2 and M3 were
prepared from the described home-made spin.
The thickness of the membranes was evaluated by the
interference pattern method (28).

2.4 Apparatus

Fluorometric measurements were performed on a fluor-
escence spectrophotometer (Hitachi F-4500, Tokyo,
Japan) with a specially designed flow-through measuring
cell as shown in Figure 1. The solution pH values were
recorded on an Orion Model 231 combined pH meter. All
measurements were made at a constant temperature of
20 = 1°C.

Figure 1. Picture of the flow cell.
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2.5 Experimental procedure

A membrane cast on a quartz plate and a 35-mm diameter
PVC plate were mounted in the special flow-through
measuring cell. The cell was positioned in the fluorescence
spectrophotometer at an optimum position such that the
measuring emission intensity was minimised from the
scattering light of the excitation source. About 3 ml of a
sample solution was introduced into the cell and the
fluorescence intensity was measured. Before use,
the membrane was washed with HCI solution until the
fluorescence intensity was stabilised.

3. Results and discussion

3.1 Theoretical consideration of the optical sensor
response

The optode membrane described here belongs to the class
of ion-exchange systems as described by Morf et al. (20).
In this system, the optode membranes contain neutral
calix[6]arene hexaester (calix, C) as the selective host for
alkali metal ion (M), a cationic dye molecule, TMB
(indicator, IND), as a proton-sensitive fluorescing
compound, which was designed to bring about a large
change in fluorescence spectra by deprotonation in the
definite pH range; in addition, a lipophilic salt, KTpCIPB
as the anionic site (R ; Figure 2).

Figure 3 shows the fluorescence spectra of the
membrane M1, which were obtained after equilibrium
with a 0.05mol/l HCl solution containing different
concentrations of the potassium ion. A considerable
increase in the fluorescence intensity was observed at the
excitation wavelength 300nm and emission wavelength
358nm as the concentrations of the potassium ion

OEt Potassium tetrakis(4-chlorophenyl)
borate

Calix[6]arene ionophore

Ored SO

3,3",5,5"-Tetramethyl-N,N-dibenzylbenzidine

Figure 2. Structure of active materials in the optode membrane
preparation.

x103
3.0

=2
=

Fluorescence intensity

\\5

0.0

300 350 400
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Figure 3. Fluorescence spectra of the optode membrane M1
after equilibration with 1, pH 1; 2, 0.05 mol/1; 9, pH 8.5, 0.2 mol/l
Tris—HCI buffer, and with 0.05mol/l buffer solutions
containing different concentrations of KCI (M): 3, 1 X 107
4,1 %1075 1x10%6,1x107%7,1x 102 and 8,
1x 10"

increase. It is obvious that a complex was formed between
the calixarene and the potassium ion.

Assuming that a 141 calix—K* complex is formed,
the overall equilibrium between the polymeric membrane
phase (m) and the aqueous sample solution (aq) governed
by the equilibrium constant K¢y, can be described as:

Ko
Mg+ INDH{,,) + Ciuy <=M Cia) + INDiu
+H (1

(aq)"

The synthesis of the novel dye molecule TMB (IND) is
very much key to the experiment because the signal of the
sensor is from TMB. The response of the TMB in
the sensor has been attributed to the changes in the
fluorescence signal caused by the change in the micro-
environment of the TMB. The extraction of potassium ion
from a watery phase into a lipophilic membrane phase
requires the release of a positive charge H" from TMB,
which leads to a change in the fluorescence intensity of the
system. As TMB itselfis a H"-selective chromoionophore, it
transfers from the membrane phase to the watery phase.

According to the derivation reported elsewhere, a
response function for the metal ions is given below (/6):

[M*] ___{[RJr — (1~ a)[IND}y} a
[HF] " " {[Clt = [R It + (1 — @)[IND]y} I — &’
)

where [C]r, [R™]r and [IND]t are the respective total
concentrations of calix[6]arene hexaester, KTpCIPB and
the cationic dye TMB in the membrane preparation.
In addition, the term « in Equation (2) can be defined as the
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Table 1. Composition of optode membrane casting solutions and the response behaviour of their optode membranes in 0.05 mol/l HCIL.

TMB Calix[6]arene KTpCIPB Response slope, « concentration Dynamic range
Entry (pmol) (mol) (pmol) (per decade) M)
Ml 3.57 3.57 3.57 0.26 1.53 X 107°-3.20 X 10
M2 3.57 7.14 7.14 0.38 121 x 107°-7.32 x 10°*
M3 3.57 7.14 3.57 0.41 8.56 X 107 °~2.42 x 107"
Note: PVC 25 mg and DOS 50 mg in 1 ml THF for all membranes.
ratio of concentration of the unprotonated dye relative to
the total dye present in the membrane phase, viz.
A T T T T T T T
IND
o= [ | . 3) 1.0 i
[IND]t
0.8 “ B
In fact, the measured fluorescence intensity, F, is directly S o/ Ml
related to the membrane response, a: § 0.6 1
=
o
F—F 7 04+ .
a= ﬁa 4) &
1 0 02 i
where F'| and F, are the limiting fluorescence intensity for 0.0 |
a = 1 (fully unprotonated cationic dye) and a = 0 (fully ’

protonated cationic dye), respectively. The factor «, here,
can also be named as the relative fluorescence intensity.

3.2 Response behaviour of different membrane
Jormulations

As revealed by Equation (2), the response of the optode
membrane is highly dependent on its composition. To
study the composition effect, membranes M1-M3 of
different formulations were fabricated (Table 1). For
specific membrane composition of M1-M3, the response
function denoted by Equation (2) can be simplified to
Equations (5)—(7), respectively.

For M1,
[M+] B 0(2
mKexch RTErDY &)
where [R™ ]t = [IND]t = [C]y.
For M2,
[M*] _a(l+ o
m exch — (1 — a)z ) (6)
where [R™ ]y = 2[IND]r = [C]t.
For M3,
+ 2
[K™] a @

H o T i — @’

where 2[R™ ]t = 2[IND]t = [C]r.
The response of different optode membranes is displayed
in Figure 4. The curve fitting for the experimental points was

10 8 -6 -4 2 0 2

Log[K*]

Response ()

Response ()

-10 -8 -6 -4 =2 0 2
Log[K*]

Figure 4. Responses of different optode membranes M1-M3 at
358 nm as a function of log[K+] in 0.05mol/l HCI. A, M1; B,
M2; C, M3.
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calculated from Equation (5) to Equation (7) with
Kexen = 0.736. Good agreement between the theoretical
prediction curves and the experimental data was found for all
membrane systems. Certainly, these are the advantages of the
optical detection associated with the optode membrane
method over the more conventional ion-selective electrode
method.

Therefore, the 141 nature of the complex between
calix[6]arene ionophore and the potassium ion was
confirmed. The response slope and dynamic working range
of the membrane may be modified by controlling the relative
amount of components in the membrane preparation
depicted in Table 1. This flexibility allows us to formulate
a unique ion selectivity of the optode membrane suitable
for the particular requirement of an analytical method.
It was found that a molar ratio of TMB/KTpCIPB/
calixarene = 1:1:1 is required to get a good response to
the potassium ion and increasing the amount of KTpCIPB
and calixarene could only prolong the lifetime of the sensor.
The result is understandable if calixarene competed with the
potassium ion for the borate during the detection process. An
excess amount of KTpCIPB then compensates its loss in the
acidic medium. Thus, membrane M1 was used in the
subsequent real sample analysis.

3.3 Reproducibility, reversibility and response time

It would be desirable for an optical sensor to have good
reproducibility and reversibility. Figure 5 shows the
fluorescence intensity response at Aey /e = 300/358 nm
recording for sensing membrane to the potassium ion
solution of different concentrations. An increase in the
fluorescence intensity of TMB at 358 nm was apparent,
attributing to the formation of the calix—potassium ion
complex. It also indicated that the sensor has good

3.0
%105
223 1x102 1x10-2
5
E
8201
=
g
172
£
2 1.51
= 3

Buffer Buffer
1.0 x
0 200 400 600 800
Time (s)

Figure 5. Membrane response of potassium-selective optode
membrane M1 versus time at 358 nm after a concentration of K+
change between (mol/l) (1) 1 X 10> and (2) 5 X 107> (2) and
3)1x107% B3)and (4) 1 X 1072, (4) and (1) 1 X 107%; (1)
and (2)5 x 107, (2 and (3) 1 x 107, (3) and (4) 1 x 102,

reversibility. The concentration of HCI solution can affect
the reproducibility of the optode membrane. A higher
concentration of HCI leads to a shorter recovery time
because a higher concentration of H' speeds up the
protonation of TMB. The reproducibility of the optical
signals was evaluated by alternatively recording the
fluorescence intensity when the membrane was exposed to
repeated concentration step changes between 5 X 107>
and 5 X 10 *mol/l of the potassium ion in 0.05 mol/l
buffer media. The mean fluorescence intensity values with
RSD were found to be 3.62% (5 X 10 mol/l K", n = 7)
and 2.45% (5 X 10" *mol/l K" n="17), respectively. The
results indicate that the sensor has good reproducibility.

The response time (f95¢,) of the sensor depends on the
thickness of the sensing membrane and concentration of
the analyte. When the thickness of the membrane reaches
the order of millimetres, no obvious response was
observed; thus, it is necessary to prepare a very thin,
homogeneous and reproducible PVC-based membrane.
The changes of the membrane thickness in the range of
4 = 0.2 pm caused no significant increase or decrease in
the response time. Figure 5 shows the typical response of
the optode membrane M1 to the potassium ion after
equilibration with 0.05 mol/l HCI buffer solutions contain-
ing different concentrations of the potassium ion. It takes
less than 1 min to reach the t95¢, value after a concentration
step change from 1 X 107> to 5 X 10" >mol/l or from
5% 1077 to 1 X 10 ?mol/l of the potassium ion in
0.05 mol/l HCI buffer media.

3.4 Short-term stability and lifetime

To study the stability of the optode membrane, the
response value of the membrane M1 in contact with
1 X 10" mol/l K* in 0.05mol/l HCI buffer media was
recorded over a period of 10h. From the fluorescence
intensity values taken every 30 min, a mean fluorescence
value of 1.70 x 10°> and an SD of 1 X 10 *mol/l K"
(n =21, RSD = 4.62%) were obtained. Under the usual
laboratory conditions, the decomposition was low, and this
shows that the optode membrane has good short-term
stability. The optode membrane is mainly subject to the
leaching of active components from the membrane to the
aqueous solution on which the lifetime of the membrane
depends. The fluorescence intensity of the optode
membrane M1 at Ay /e = 300/358 nm dropped by 8%
during the measurement of sample solutions over a month.
Apparently, the lifetime of the sensing membrane is
acceptable for continuous analytical applications.

3.5 Selectivity

The unique cationic activity defined by the six
phenoxyacetate groups of calix[6]arene hexaester matched
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Table 2. Selectivity coefficients K?-plof M1 optode membrane

for different cations in 0.05 mol/l HCI determined by the separate
solution method.

i=Kt  j=Na' Lit ca®t  Mg®t  NHf

Log K:;pt —2.46 —332 —3.18 —3.64 —0.63

the ionic size of potassium ions extremely well, which
represents a typical host—guest interaction. We thus
envisaged that optode membranes based on the calix[6]-
arene ionophore should exhibit a discriminative power
towards common metallic ions. The results summarised in
Table 2 show the ion selectivity factors of the optode
system for Na™, Li*, Ca?*, Mg?* and NH;, where K
(i, primary ion; j, interfering ion) is similar to KE-OI factors
for the ISE system (i, primary ion; j, interfering ion), as
determined by the separate solution method. This factor,
K;pt (i = K™), corresponds to the value in the case where
a of each interfering ion at 0.1 mol/l is converted to the
concentration of K* on the basis of the response curve for
K™ shown in Figure 3. The obtained results (Table 2) show
that the selectivity of the sensor with regard to interfering
ions is in the particular order: NH} > Na™ > Ca’t >Li"
> Mg2+. The similarity in ionic radii of K (=133 A)
and NHZ (r; =148 A) is responsible for the distinctly low
discrimination between these two cations compared with
the good selectivity for the other physiologically important
cations like Na™, Mg?* and Ca® . Fortunately, the above
used levels were extremely high compared with pharma-
ceutical concentrations for these interfering compounds;
the influence of the cations, mainly NH, did not affect the
electrode performance as it can be seen that its application
in the analysis of real samples is feasible.

3.6 Real sample analysis

In order to assess the usefulness of the proposed method
for the determination of potassium, it was applied to
samples of mineral water, urine and human serum
samples. Table 3 also includes the mean values from
three determinations of each sample and RSDs of these
measurements used for the comparison of the measure-
ments obtained for both methods. The results summarised

Table 3. Determination of the total potassium concentration (in
mmol/l) in several real samples.

AAS method  RSD Optode RSD

Sample entry (mmol/1) (%) (mmol/l) (%)
Mineral water 1 0.038 2.0 0.035 3.6
Mineral water 2 0.046 2.4 0.042 4.8
Urine 9.22 3.8 9.14 2.6
Human serum 4.42 4.5 4.28 3.7

in Table 3 show a good agreement between the data
obtained from this fluorescent optode and atomic
absorption spectrometric (AAS) methods. This confirms
the viability of using the present optode system for the
determination of K* concentration in real samples.

4. Conclusion

In this paper, a simple and versatile approach for the
fabrication of a potassium ion-selective optode has been
presented. The optode membrane based on the cation-
exchange mechanism and a novel pH chromogenic dye
was successfully employed to determine potassium ions.
The sensor cannot detect renal disease but will detect
hyper- and hypokalaemia. Our proposed procedure has
good selectivity for the determination of potassium in
samples of mineral water, urine and human serum
samples. The sensor offers good results, high sensitivity,
good stability and low cost which make it useful for
routine analysis.
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