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Abstract

In recent years squarines received attention as fluorescent labels. Their very promising spectral properties such as

long wavelength absorption and emission, high extinction coefficients and quantum yields could lead novel sensing

technologies. In this work newly synthesized fluoroinophores named bis[4-N -(1-aza-4,7,10,13-tetraoxacyclopentade-

cyl)-3,5-dihydroxyphenyl]squaraine, azacrown-1 and 2 bis[4-N -(1-aza-4,7,10,13,16-pentaoxacyclooctadecyl)-3,5-dihy-

droxyphenyl]squaraine, azacrown-2 have been used for sodium and potassium sensing in plasticized PVC matrix. The

squaraine derivatives exhibited fluorescence emission based optical responses to sodium and potassium with a detection

limit of 1.10�9 M. The sensor compositions exhibited wide response ranges between 10�9 and 10�5 M Na�or K�,

and, therefore, may be an alternative method to flame emission spectroscopy. The sensor is fully reversible within the

dynamic range and the response time is 3 min under batch conditions. Cross sensitivity to pH is negligible in the pH

range of 6.2�/7.3. Throughout fiber optic based studies a relative signal change of 54�/56% has been achieved. The

azacrown dyes have the advantage that they can be excited with long wavelength light and, are, therefore, LED

compatible. The cross sensitivity of azacrown-1 and -2 to Ba2�, Ca2� and NH4
�were also tested in separate solutions.
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1. Introduction

Numerous crown ether based optode mem-

branes and ion selective electrodes having excellent

selectivity for alkaline and alkaline earth metal

ions have been developed [1�/16]. Crown ether

molecules, which are also named as ‘host mole-

cules’ after derivatization, possess a well-defined

cavity and have demonstrated unique ionophoric

properties towards many guest molecules, includ-

ing inorganic and organic species [1]. Probably one

of the most important applications of crown ethers

in sensor technologies is the sensing of alkali and

alkali earth metals.
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Highly selective ionophores (for example, vali-
nomycin) in combination with potential sensitive

fluorescent dyes (PSD), polarity sensitive fluoror-

phores or lipophilic anionic dyes incorporated into

PVC membranes or Langmiur Blodgett films have

been used in potassium sensing. Charlton and co-

workers used valinomycin containing PVC films

for quantitative sensing of potassium both for

serum and serum based solutions [2].
Wolfbeis introduced a PSD-based optical sensor

for potassium consisting of valinomycin and

rhodamine B octadecyl ester [3]. Huarui and co-

workers introduced a commercial system using

triaza-cryptand for blood sodium and potassium

[4]. Toth et al. [5] offered an optical potassium

sensor in which the potassium selective ionophore

was incorporated in a plasticizer polyvinyl chloride
film with a hydrogen selective ionophore. The

potassium selective ionophore (BME 44) which is

a five heteroatom containing azacrown facilitates

the transport of potassium ions while the chro-

moionophore ETH 5350 promotes the uptake of

proton ions into the membrane phase from the

solution. A novel type of coextraction based

optical potassium sensor presented by Krause.
This was composed of valinomycin containing

lipophilic plasticizer droplets, and merocyanine

containing hydrogel [6]. Shortreed and coworkers

[7] presented a miniaturized fiber optic sodium

sensor based on a highly sodium selective crown

ether-calyx [4] arene ionophore and chromoiono-

phore ETH 5294 (9-dimethyl amino-5-octadeca-

noyilimino-5H-benz [a] phenoxazine), ETH 5350
and valinomycin.

A recently introduced squaraine based aza-

crowns are a group of fluorescent dyes and

pigments derived from squaric acid and dialkyla-

nilines well known in applications such as photo-

receptors, organic solar cells, optical recording

media and non-linear optics. Their very promising

spectral properties, long wavelength absorption
and emission, high absorptivity and quantum

yields have not been exploited so far in relation

to optical sensor design [8,9]. The ligand is an

integral part of a fluorophore p system and is thus

called a fluoroionophore. In this azacrown deri-

vative, the squaryl moiety is assumed to act as a

signal transducer, and, converts the information

(recognition event) into an optical signal. As

regards the recognition moiety, it is responsible

for selectivity and efficiency of binding, which

depends on the ligand topology, on the character-

istics of the cation (ionic radius, charge, coordina-

tion number, hardness, etc.). These favorable

spectroscopic properties are likely to place the

squaraine based sensor in a different category, as

this molecule is the first example of a laser diode

excitable fluoroionophore [9]. In most other op-

tical sensors an ion-selective ligand (ionophore)

with another chromogenic group in the neighbor-

hood is used. In the present work the concept that

a reversible and LED compatible fiber optic sensor

could be designed by using a fluorophore linked to

an ionophore was demonstrated and extensively

studied.

Neither sodium selective azacrown-1 nor potas-

sium selective azacrown-2 dissolve in water but

they exhibit excellent solubility in plasticized PVC

matrices.

Plasticized PVC membranes are believed to be

useful as a matrix material for analytical applica-

tions because of their optical transparency [10],

simplicity of preparation, good mechanical prop-

erties and homogeneity and, therefore, have been

chosen as matrix material [11�/16] for azacrown

molecules.

In this work, newly synthesized 5 and 6

heteroatom containing azacrown derivatives have

been investigated in view of their possible use for

optical sensing of Na� and K�. The sensor

characteristics such as dynamic working range,

sensitivity, limit of detection (LOD) and selectiv-

ity, have been investigated. The aims of many

scientists have been to detect the clinically im-

portant range, which is around 135 mM for

sodium and between 1 and 10 mM for potassium.

In the case of azacrown derivatives, the dynamic

ranges of sensors has been determined to be

between 10�9 and 10�5 M Na� or K� concen-

tration range, i.e. from nanomolar to micromolar

levels which may make this technique alternative

to flame emission methods and were sensitive than

the sensors reported in the literature. The inter-

ferences of various cations on the responses of

sodium and potassium have also been studied.
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2. Experimental

2.1. Instrumentation

Fig. 1 shows the specially assembled optical set-
up for fiber optic based studies similar to one

reported in the literature [17�/19]. The intensity

measurements were performed using a dual phase

lock-in amplifier (Model SR-530 Stanford Re-

search System). The optical fibers used were in

100/140 mm core/cladding ratio (from Gould Inc).

The construction of the coupler (with an input and

an output port assembled with one off ST con-
nector including female coupling sleeve, and one

off fiber collimator, FK2 spec, 3 mm) was made by

Gould Inc. The excitation light of the red LED

(Gilway, 650 mcd) was sine wave modulated by a

signal generator (Wavetek, Model 22) at a fre-

quency of 20 Hz. The emission band of this high

intensity LED (625�/660 nm) is well suited to excite

the fluoroionophore. The excitation light was
directed into the input of the coupler perpendicu-

larly after passing through a glass optic filter

(6259/10 nm, Spindler�/Hoyer, Göttingen, Fig.

1). The returning fluorescence signal (35 nm red

shifted) was separated from the excitation light

adequately by means of bifurcation and, passed

through the collimator, filtered (RG-630 interfer-

ence filter, located in front of the PMT housing
slit) and focused onto the light sensitive area of the

photomultiplier tube (9817B, from Electron tubes

inc). The amplified signal from the photomultiplier

was converted to the digital signal in the internal

circuits of lock-in amplifier. The data acquired

every 10 s intervals were evaluated with MICRO-

SOFT EXCEL (MICROSOFT EXCEL 2000, Product

ID: 50106�/270). The absorption spectra of the

squarine dye containing film were measured using

a Jasko V-530 UV�/VIS spectrophotometer. The

fluorescence emission spectra were recorded using

a PTI-QM1 fluorescence spectrophotometer. pH

measurements were performed with a pH-meter

Jenway-3040 Ion Analyzer.

2.2. Reagents

The membrane components, PVC (high mole-

cular weight) and the plasticizers bis-(2-ethylhexyl)

phtalate (DOP), bis-(2-ethylhexyl) sebecate (DOS)

and 2-nitrophenyl octyl ether (NPOE) were ob-

tained from Fluka, bis-(2-ethylhexyl) adipate

(DOA), the lipophilic anionic additive potassium

tetrakis-(4-chlorophenyl) borate (PTCPB) and tet-

rahydrofuran (THF) were obtained from Aldrich,

the sodium and potassium salts used (NaCl and

KCl) were obtained from Merck, CaCl2 �/6H2O was

from Fluka Chemical Corp. N ,N -bis(2-hydro-

xyethyl)-2-amino-ethanesulfonic acid (BES) was

purchased from Sigma. BES buffered sodium

and potassium solutions were prepared using

Elga Maxima ultra pure water. The squaraine

containing indicator azacrown-1 and azacrown-2

have been synthesized according to the literature

[9] (see Fig. 2).

Fig. 1. Schematic representation of fiber optic chemical sensor

(FOCS) assembly.

Fig. 2. Structure of newly synthesized azacrown-1 and -2

molecules n�/5, azacrown-1, n�/6, azacrown-2.
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2.3. Cocktail preparation protocols and obtaining

spectra

The optode membranes were prepared to con-

tain 120 mg of PVC, 240 mg of plasticizer, 20

mmol dye kg�1 polymer, two fold the mole

number of dye of potassium tetrakis (4-chlorophe-

nyl) borate and 1,5 ml of dried THF (THF has

been dried by treating with molecular sieves, type

4-A). The Prepared cocktails contained 33% PVC

and 66% plasticizer by weight which is quite

common [20�/25].

In order to determine the excitation and fluo-

rescence emission wavelengths of the azacrowns,

spectra were recorded by preparing thin films. For

this purpose, the resulting cocktails were spread

onto a 125 mm polyester support (Mylar TM type),

by means of a spreading device (from Heidelberg

to Germany). The polyester support is optically

fully transparent, ion impermeable and exhibits

good adhesion to PVC. The most important

function of the polyester is to act as a mechanical

support because the thin PVC films are impossible

to handle. Once dried, the film was insoluble in

water and could be cut into pieces of appropriate

size. The thickness of the film was measured to be

approximately 5 mm using an optical microscope

(Leitz ortopcan polarize microscope). The films

were kept in a dessicator in the dark. This way the

photostability of the membrane was ensured and

the damage from the ambient air of the laboratory

was avoided.

Each sensing film was cut to 1.2 cm width and

fixed diagonally into the sample cuvette and the

absorption and fluorescence emission spectra were

recorded. Na� and K� chemosensors prepared in

PVC matrices were determined to have emission

peaks with maxima at 647 and 657 nm, respec-

tively. The optimal excitation wavelength was

found to be 625 nm experimentally for the both

fluoroionophore. Excitation was realized using a

red LED. Absorption and emission spectra of M-2

has been shown in Fig. 3, other spectral data about

the excitation and emission wavelengths of aza-

crowns in plasticized PVC matrices is given in

Table 1. The same cocktail composition was also

used in the fiber tip preparation.

2.4. Fiber tip preparation

The fiber tip was prepared by the manual dip-

coating technique. In order to prepare the sensor

tip, the core of the optical fiber was immersed into

one of the cocktails, e.g. the M-1 composition, and

removed slowly, then located into a glass pipette

and fixed for an easier handling to protect the fiber

tip from mechanical damage. The approximate
fiber tip thickness is 150 mm after evaporation of

solvent. Sensors prepared in this way were inte-

grated to the instrumentation as explained above

(Fig. 1).

2.5. Optical system stability tests

In order to introduce the light into an optical

fiber, the power emanating from a light source
must ultimately impinge on the end-face of an

optical fiber by direct contact with the source [34].

In contrast to the outputs of arc lamps or

incandescent lamps, the output of LEDs can easily

be directed into the optical fibers by providing

correct orientation and matching the numerical

aperture of the fiber [29]. In a few cases, the

temperature and age dependent drifts in the
amplitude and frequency spectrum of the LED’s

has been reported. Instabilities resulting from

fluctuations in the intensity of light source have

to be either calibrated or eliminated in a referen-

cing unit. In 2�/1 fiber coupler and LED light

source containing assemblies, setting of the initial

signal intensity to zero has been reported [28].

In our system, the light source, the optical filter,
the input and collimator containing output of the

bifurcated assembly were fixed on a platform and

performance of the newly purchased LED and

fibers were tested. The input and output filters,

allow highly sensitive detection of sodium and

potassium using a red LED without the need for

additional monochromators. In order to determine

the optimum working voltage of the LED, we
plotted the current intensity versus applied voltage

at different frequencies. The optimum working

frequency and voltage were determined as 20 Hz,

and 5 V, respectively. In order to check the

stability of the system, we fed the light source

(the red LED) with voltages of 5 and 2.5 V. The
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signal intensity was almost at zero level for at least

3 h. In presence of the fluorescent dye without

analyte, a stable fluorescent signal (about 13 mV)

was observed for about 2 h constant illumination.

This test shows the short-term photostability of

the dye used. The photostability and photobleach-

ing test results of the azacrown-1 containing sensor

assembly are shown in Fig. 4. The system does not

Table 1

Compositions of sodium and potassium selective cocktails

Polymer

(mg)

Solvent

(ml)

Plasticizer

(mg)

Anionic

lipophilic

additive

Dye Notes

M-1 PVC 120 THF 1.5 DOP 240 PTCPB

40 mmol kg�1 Polymer

Azacrown 1

20 mmol kg�1 Polymer

Transparent lexc
max�/625;

lem
max�/647 nm

M-2 PVC 120 THF 1.5 DOP 240 PTCPB

40 mmol kg�1 Polymer

Azacrown 2

20 mmol kg�1 Polymer

Transparent lexc
max�/625;

lem
max�/657 nm

Fig. 3. Absorption (a) and emission (b)spectra of azacrown-2 (lexc�/625, lem�/657 nm).

Fig. 4. Photostability and photobleaching test results of the azacrown-1 containing sensor assembly at a frequency of 20 Hz.
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include provisions for setting the initial intensity
exactly to the 0, however, the fluctuations and the

back-scattered light is either at a negligible level or

can be evaluated within the recorded error range

of the measurements.

Sinusoidal or square wave modulation of the

LED allows electronic substraction of ambient

light [30] and the fluorescence signal can be

determined properly [27,28,31]. Although the
lock-in amplification discriminate the ambient

light, an efficient coupling of optical fibers, LED’s

and other assembly components is necessary in

order to minimize the effect of the ambient light.

In such systems, the stripped/dip coated sensor tip

has to be either optically isolated by using an

additional black layer [19] or protected from the

interference of the ambient light. In our case,
approximately 1 cm of stripped-dip coated fiber

tip has been used without any optical isolation. In

order to improve the isolation of the fiber assem-

bly, measurements were taken in small dark glass

vials.

3. Results and discussion

3.1. Sensing scheme and pH dependence

The sodium sensitive cocktail composition (M-

1) responds to sodium by a decrease in fluores-

cence intensity that can be used as the analytical

signal. The optode membrane contains electrically

neutral form of chromoionophore as the selective

host for alkaline metal ion. The proposed optical
device works on the basis of a cation exchange

principle [2,6]. When sodium/potassium is located

into the receptor moiety, (crown), probably two of

the protons of squarail moiety leaves the molecule

and provides the electrical neutrality. The con-

siderable decrease in the signal intensity after the

Na/K binding is likely to be the result of deconju-

gation of azacrown nitrogen with the rest of the
molecule. Examples of such interactions have been

reported and in donor�/acceptor�/donor systems

(D�/A�/D), metal ions interacting with the electron

donor parts of the molecule is known to cause

anti-auxochromic changes. In our case squaryl

moiety is the ‘acceptor’ part of the squaraines [8,9].

The symmetric D�/A�/D arrangement of squaraine
dyes has an interesting effect on the formation of

intra molecular charge transfer states which causes

non-radiative decay process of an excited squar-

aine dye by rotation around the C�/C bond

between the central C2O4 unit. In our case rotation

around the C�/C axis is restricted upon formation

of hydrogen bonds and the increase in the

fluorescence quantum yield is dependent on the
planarity of the squaraine structure [8]. The

tendency of crown ethers to form anions, enhances

their affinity for cations. The azacrown-I and

azacrown-II are restricted to sensing at very high

concentrations. Their moderate affinity for sodium

and potassium allows to sense at so low analytical

concentrations.

Both of the azacrown structures show pH
dependency. The optimum pH of the reaction

medium was determined by recording the signal

intensity of a sodium bonded azacrown structure

at various pH values (pH 3�/9). The highest signal

intensity was reached at pH 7.2. Above and below

pH 7.2, the signal intensity has shown a tendency

to decrease. If pH is too high (pH 12), the

azacrown structure deprotonated without ion
binding exhibiting a quite low signal. Since pH

6.8 has also been appropriate for physiological

media, the following experiments were carried out

at pH 6.8, in BES buffered solutions. Small

changes in the pH of the sample had no significant

effect on response.

3.2. Response and reproducibility

Upon exposure to sodium concentrations from

10�9 to 10�5 M, the membrane exhibits a 61%

relative signal change in direction of decrease in

fluorescence intensity. The intensity based re-

sponse curve of M-1 for the determination of

Na� in the concentration range from 10�9 to

10�5 M is shown in Fig. 5a. Regeneration was

accomplished in concentrated (200 mM/l) BES
buffered solutions at pH 5.8. Response of M-2 to

potassium is similar and shown in Fig. 5b.

The responses of cocktail compositions M-1 and

M-2 to sodium and potassium ions were investi-

gated in BES buffered solutions. Azacrown-1 and -

2 structures were found to display fairly large
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relative signal changes after exposure to sodium

and potassium ions, respectively. The relative

signal change, response time and reversibility

characteristics are shown in Fig. 3. Response times

to reach 90% of the final value, ranged between 1

min for 10�9 M Na� or K� and 5 min for a

concentration of 10�5 M Na� or K�. The

approximate response time (t90) in the concentra-

tion range of 10�9�/10�6 M may be assigned as 3

min.

The sensor was fully reversible and only a slight

drift (3.7�/4.0%) of the upper signal level has been

observed after the second cycle. The reproduci-

bility of the optical responses was assessed by

repeatedly introducing a sample of 10�5 M

Na�or K� in 0,02M BES buffer at pH 6.8.and

a 0.2 M BES buffer at pH 5.8. Between the 1st and

5th cycles, the level of reproducibility achieved was

quite good with a RSD of 4.3%. A poorer level of

reproducibility (RSD�/10%) is observed after the

fifth cycle. The ion binding process was seen to be

faster than that of unbinding, regeneration.

The data on Fig. 6a and b represent results of

five replicate measurements each with a fresh fiber

tip prepared using the same cocktail composition.

Error bars show the standard deviation (S.D.)

between 2 and 6%. The determined S.D. from

probe to probe is probably due to the manual dip

coating technique can be reduced by the automa-

tion of the fiber tip preparation. The sigmoidal

shape of the calibration curve is in agreement with

the literature [26]. In the concentration range of

10�9�/10�6 M a quite good linear correlation was

obtained with R2 values of 0.99 for Na� and K�.

The LOD for sodium and potassium was

defined as the concentration at which the signal

is equal to the blank signal plus 3s and found to

be 10�9 M. In well-defined and constant pH’s, the

response is reproducible and promising. The

photostability and chemical stability in polymer

matrices (at least 3 months) were satisfactory. Due

to the lipophilic characteristics, dye move from a

Fig. 5. Intensity based response curves of M-1 and M-2 after

exposure to certain concentrations of Na� and K�, respec-

tively.

Fig. 6. Calibration plots of Na� and K� selective composi-

tions in the concentration range of 10�9�/10�5 M in BES

buffered solutions at pH 6.8. Data presented are mean of five

sets of measurements all with different fresh fiber tips.
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rather aqueous to a more lipophilic membrane
phase and will not be the subject of leaching.

Plasticized PVC exhibits water uptake during

conditioning in aqueous solution. Consequently

there is significant water content in the fiber tips

after equilibration in BES buffer, which explains

the large relative signal changes. On the other

hand the PVC matrix is one of the most durable

matrices for aqueous media.

3.3. Cross-sensitivity to other cations

We have also investigated the cross sensitivity of

M-1 to different test cations such as potassium,

barium, calcium and ammonium. Owing to the

fitness based specific host�/guest interaction be-

tween the azacrown and sodium/potassium ions,

the ionic radii has to be considered.

3.3.1. Selectivity studies

In order to examine the selectivities of the

optical sodium/potassium sensing agents, re-

sponses to different cations were determined in

the 0.02M BES buffer, at pH 6.8�/7.0
The selectivities were calculated in accordance

with the following expression [17]:

(1 � a)2

a2
�Kextr(CNa�

X
K

opt
Nax Cx)

where Kextr is the equilibrium constant for sodium/

ionophore extraction, CNa and Cx are the con-

centrations of sodium and of the interfering ions,

respectively. Since the concentrations are very low,

cation concentrations rather than activities are

used. The apparent selectivity coefficients were
calculated by taking the ratio of sodium and

interfering cation concentrations that yield the

same a value (a�/0.5) as determined graphically

from the separate calibration curves.

K
opt
Nax�

CNa

Cx

Fig. 7a and b summarize a selectivity compar-

ison for the two-azacrown structures. According

to Fig. 7, the selectivity of the proposed sodium

sensor against potassium, log KNa
K , was found to

be �/1.49 whereas the selectivity of the potassium

sensor for potassium against sodium, log KK
Na was

found to be �/1.39. Ion selective electrode mem-

branes that contain commercially available sodium

ionophores ETH 227 [32], ETH 157, ETH 2120,

and ETH 4120 [33] as well as bis[(12-crown-

4)methyl]dodecyl methyl malonate34 have the

following respective selectivities: log K�/�/2.3, �/

0.4, �/1.5, �/1.4, and �/2.0. These ionophores

have been found acceptable for work in blood

serum. In the present work we are offering an

alternative field compatible method to flame

emission spectroscopy in context of detection

limits. The selectivity of the proposed system is

sufficient for analytical applications and after a

dilution process, also satisfies the requirements of

clinical applications. According to Fig. 7a and b

since a�/0.5 can not be reached by Ca2�, Ba2�,

and NH4
�, it can be concluded that, the azacrown

structure-1 and azacrown -2 were effectual in

binding Na� and K� but ineffectual in binding

Ca��, Ba�� and NH�
4 in immobilized form.

Fig. 7. Relative responses (a ) of composition (M-1) and (M-2)

as a function of �/log[Metal ion] at pH 6.8.
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Thus, the responses of M-1 and M-2 compositions
to Ca��, Ba�� and NH�

4 were negligible.

4. Conclusion

We demonstrate that, newly synthesized fluor-

escent squaraine derivatives can be used for

reversible sodium and potassium sensing, in plas-
ticized PVC matrix. In the present fiber optic

based studies, the dynamic working range has been

determined as 10�9�/10�5 M Na� or K�. Offered

method may be an alternative to flame emission

spectroscopy in context of working range. The

compatibility of the dyes used with the solid-state

optical components (in particular LED’s) can be

useful in construction of inexpensive and field
available instrumentation. Our work along these

lines but on different matrix is in progress.
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