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Abstract

The photophysical and photochemical properties of azlactone derivative 4-(2-furylmethylene)-2-phenyl-5-oxazolone (PFO) were
examined in solvents of tetrahydrofuran (THF), acetonitrile (ACN) and dichloromethane (DCM) and in solid matrix of polyvinyl

chloride (PVC).
The PFO dye embedded in plasticized PVC matrix has been used in monitoring Fe3C. The PFO dye exhibited satisfactory fluores-

cence emission based optical response to Fe3C with a detection limit of 3.8 ! 10�6 M. The sensor composition exhibited a dynamic

response to Fe3C in the concentration range of 6 ! 10�6e6 ! 10�4 M. The sensor is fully reversible within the dynamic range and
the response time (t90) is approximately 2 min under batch conditions. The reproducibility of the sensor membrane was investigated
by alternately changing the solution of 2 ! 10�5 MFe3C and BES buffer (10�3 M, pH Z 7.0), and relative standard deviation was cal-
culated as 0.4% (n Z 7). pHdependence is negligible in the pHrange of 4.0e11.0. The cross sensitivity ofPFO toCo2C,Ni2C, Zn2C and

Cu2C was also tested and evaluated.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The continuous determination of heavy metal ions
is of growing interest in environmental and clinical
analyses [1]. Iron is one of the most important elements
among heavy metals for metabolic processes, being
indispensable for plants and animals and therefore it is
extensively distributed in environmental and biological
materials [2].

Widely used analytical techniques for the detection
of heavy metals include atomic absorption spectrometry
(AAS), inductively coupled plasma emission spectrometry

* Corresponding author. Tel.: C90 232 453 50 72/2255; fax: C90 232

453 41 88.

E-mail address: serap.alp@deu.edu.tr (S. Alp).
0143-7208/$ - see front matter � 2005 Elsevier Ltd. All rights reserved

doi:10.1016/j.dyepig.2005.08.012
(ICP-ES), total reflection X-ray fluorimetry (TXRF)
and anodic stripping voltammetry (ASV). These methods
can offer good limits of detection and wide linear ranges,
but are very expensive and do not easily lend themselves
to miniaturisation [3,4]. The development of sensors
based on an immobilized reagent is subject of growing
interest [1,3].

In contrast to electrochemical sensors where a close
connection of the reagent phase with the electrode
body is required, in optical sensors and probes the re-
agent phase need not be in physical contact with the
optoelectronic systems [5].

Capitan-Vallvey et al. [6] developed an optical
sensor for determination of iron, which was based
on the formation of the Fe3Ceferrozine complex.
Even though the method is sensitive it is not reversible.
.
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A pH-dependent absorption-based sensor for Fe3C in
aqueous media based on the use of 2,4-dinitroresorcinol
immobilized on XAD-7 was developed by Malçik and
Çaglar [1].

An organic supramolecular compound synthesized
from pyrochatechol units was previously used as
a stable chelating agent for Fe3C in solution. It was
applied as an ionophoric reagent on ion-sensitive field-
effect transistor (ISFET) and electrolyteeinsulatore
semiconductor (EIS) structures and exhibited a detection
limit of 10�4 M [7].

The literature survey reveals that modified and non-
modified atomic spectroscopic techniques are widely
used in comparison to other Fe3C determination methods
[8e15]. However, a limited number of absorption and
emission based optical sensor designs for Fe3C determi-
nation exists [16e19]. Thus, we now report the first time
usage of the azlactone derivative, 4-(2-furylmethylene)-
2-phenyl-5-oxazolone (PFO), for spectrofluorimetric
determination of Fe3C.

Azlactone structures have wide range of applications
such as their use in semiconductor devices like electro-
photographic photoreceptors and in non-linear optical
materials, because of their promising photophysical
and photochemical activities. In liquid state, the stability
of the heterocyclic ring system of the molecule is not
satisfactory and fluorescence quantum yields are low.
When embedded in a proper polymeric matrix, these
structures exhibit higher fluorescence emission and im-
proved stability due to the enhanced molecular rigidity
in immobilized phase [20].

Plasticized PVC membranes are believed to be useful
for sensor applications because of their good mechanical
properties, homogeneity, simplicity of preparation and
optical transparency [3].

In this study, the photophysical and photochemical
characteristics of PFO in three different solvents and
plasticized PVC matrix were determined. The prepara-
tion of the fluorescent sensor for Fe3C and its sensor
performance characteristics such as response time,
dynamic working range, sensitivity and limit of detec-
tion were declared. In addition the interferences of
various cations and cross sensitivity to pH were also
studied.
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2. Materials and methods

2.1. Materials

The synthesis andpurification of 4-(2-furylmethylene)-
2-phenyl-5-oxazolone (PFO) were performed by using
general preparation methods of azlactones as described
in the literature [21]. The membrane components, PVC
(high molecular weight) and the plasticizer bis-(2-ethyl-
hexyl)phthalate (DOP) were supplied by Fluka,
lipophilic anionic additive reagent potassium tetrakis-
(4-chlorophenyl)borate (PTCPB), tetrahydrofuran (THF),
acetonitrile (ACN) and dichloromethane (DCM) were
obtained from Aldrich. The buffering agent of
N,N-bis(2-hydroxyethyl)-2-aminoethane sulfonic acid
(BES) was purchased from Merck. All other chemicals
were obtained from Fluka and Merck. The polyester
support (Mylar type) was provided from DuPont,
Switzerland. Bidistilled ultrapure water was used
throughout the studies.

2.2. Apparatus and spectroscopic measurements

UVeVis absorption spectra were recorded with
Shimadzu UV-1601 spectrophotometer. All fluorescence
measurements were performed by using Varian-Cary
Eclipse spectrofluorimeter. The pH value of different
buffer solutions was adjusted with WTW pH-meter
calibrated with Merck pH standards of pH 7.00 (titrisol
buffer) and pH 4.01.

Absorption and fluorescence emission spectral data of
polymer filmswere acquired in quartz cells that were filled
with sample solution. The polymer filmswere placed in di-
agonal position in the quartz cell. The advantage of this
kind of a placement was to improve the reproducibility
of the measurements.

2.3. Polymer film preparation

Amixture for membrane preparation was obtained by
dissolving 120 mg of PVC, 240 mg of plasticizer and stoi-
chiometric amount of PTCPB with PFO in 1.5 mL of
dried THF. The concentration of PFO in mixture was
about 2 mmol dye/kg polymer. The resulting cocktails
were spread onto a 125 mm polyester support (Mylar
TM type). The polymer support is optically fully
transparent, ion impermeable and exhibits good
adhesion to PVC. Sensor slides were kept in a dessicator
therefore the damage from the ambient air of laboratory
was avoided. Each sensor film was cut to a size of
13 ! 50 mm.
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3. Results and discussion

3.1. UVeVis absorption and fluorescence emission
spectroscopy studies

The absorption and emission based spectral data are
given in Tables 1 and 2. In absorption spectra of 10�6 M
solutions of PFO, a well-shaped absorption maxima and
an accompanying shoulder were observed. The well-
defined absorption maxima were at the wavelengths of
392, 389 and 387 nm in the solvents of DCM, THF
and ACN, respectively. The absorption maxima of the
shoulders that appeared in longer wavelengths were
not detectable in the solvents. However, in PVC matrix,
the non-detectable shoulders became clear and shifted to
longer wavelengths. In comparison to the solution
phase, the PVC matrix provided better resolution due
to the matrix rigidity (see Fig. 1, Table 1).

In comparison to the solution phase, both absorption
maxima of PFO in PVC matrix exhibited red shifts rang-
ing from 3 to 8 nm (Fig. 1, Table 1). These slight red
shifts were presumably due to the increase of the polar-
ity of microenvironment of PFO dye. Approximately
1000 fold increase in molar extinction coefficient (3) of
the dye in PVC matrix can be attributed to the enhanced
rigidity in immobilized polymer phase.

Emission and related excitation spectra of PFO are
presented in Fig. 2. In all of the employed solvents
and PVC matrix, the excitation wavelength was chosen
as 385 nm and emission spectra were recorded. The
excitation spectral data were acquired by exciting the
molecule at its emission maximum for each medium.
Table 2 summarizes the excitation and emission related
data: excitation and emission wavelengths, l (nm),
Stokes’ shift values, Dl (nm), radiative lifetimes, t0

Table 2

Excitation and emission wavelengths, l (nm), Stokes’ shift, Dl (nm),

radiative life time, t0 (ns) and singlet energy, Es (kcal/mol) of PFO

in solutions and PVC matrix

Solvent lf
max Dl lex

max t0 Es

DCM 435 43 387 0.0291 72.9

ACN 434 47 385 0.0324 73.8

THF 434 45 385 0.0360 73.4

PVC film 448 53 403 0.3827 72.3

Table 1

UVeVis absorption maxima, lmax (nm) and molar extinction coeffi-

cients, 3 (Lmol�1 cm�1) of PFO in solvents of DCM, ACN, THF

and polymer film

Solvent l1 31 l2 32

DCM 392 81 000 407a 74 000

ACN 387 65 000 400a 62 000

THF 389 75 000 405a 70 000

PVC film 395 73 883 000 410 68 938 000

a The approximate absorption maxima of the shoulders.
(ns), and singlet energy values, Es (kcal/mol) of PFO
in solutions and plasticized PVC matrix.

The PFO dye exhibited moderate results concerning
with Stoke’ shift values which range from 43 to 53 nm
in all of the employed media. The highest Stokes’ shift
value was observed in PVC matrix, which confers the
advantage of better spectral resolution in emission based
studies and a desired property in commercially impor-
tant dyes.

The radiative lifetimes, t0, were calculated by the
formula t0 Z 3.5 ! 108/n2max3maxDn1/2, where nmax is
the wavenumber in cm�1, 3max, the molar absorption co-
efficient at the selected absorption wavelength, and Dn1/2,
the half-width of the selected absorption in wavenumber
units of cm�1 [20].

Singlet energy of PFO in polymer film matrix,
Es Z 72.3 kcal/mole, is observed to be slightly lower
than that in the solvents. Besides the larger Stokes’ shift,
having higher radiative lifetime and lower singlet energy

Fig. 1. Absorption spectra of PFO dye in (a) PVC (2 mmol PFO/kg

PVC, lmax Z 395 nm), (b) DCM (10�6 M PFO, lmax Z 392 nm), (c)

THF (10�6 M PFO, lmax Z 389 nm) and (d) ACN (10�6 M PFO,

lmax Z 387 nm).

Fig. 2. Emission and excitation spectra of PFO dye in different media

when excited at 385 nm. Emission spectra in (a) PVC (2 mmol PFO/kg

PVC), (b) THF (10�6 M PFO), (c) ACN (10�6 M PFO) and (d) DCM

(10�6 M PFO). Corresponding excitation spectra in (e) PVC, (f) THF,

(g) ACN and (h) DCM.
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Fig. 3. Photostability test results of PFO in (a) PVC (2 mmol PFO/kg PVC), (b) THF (10�6 M PFO), (c) ACN (10�6 M PFO) and (d) DCM (10�6 M

PFO) after 1 h of monitoring.
values are also desirable fluorophore characteristics and
enhance the performance of PFO as a sensor molecule.

3.2. Photostability test results

The photostability of azlactone dye in PVC matrix
and in solutions of DCM, ACN and THF was monitored
and recorded with a steady-state spectrofluorimeter in the
mode of time based measurements. The data acquired at
435, 434, 434 and 448 nm correspond to the emission
wavelength maximum of PFO in DCM, ACN, THF
and PVC, respectively. All of the acquired data were
obtained by using the same excitation wavelength of
385 nm. The data collected after 1 h of monitoring are
shown in Fig. 3. The experimental results reveal that
PFO exhibits excellent photostability in all of the
employed solvents and PVC matrix.
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Fig. 4. pH dependence of the fluorescence intensity of PFO (2 mmol

PFO/kg PVC) in the pH range of 4.0e11.0. ‘‘C’’ refers to plain buffers

(10�3 M BES, pH 6.0e8.0; CH3COOH/NaCH3COO, pH 4.0e5.0;

and NH4Cl/NH3, pH 9.0e11.0), and ‘‘:’’ refers to 6 ! 10�5 M

Fe3C containing buffers.
3.3. Sensing scheme

Electrically neutral polyvinylchloride provides a good
solvent medium for uncharged PFO dye. After Fe3C

uptake the membrane becomes positively charged.
The liphophilic anionic additive reagent, potassium
tetrakis-(4-chlorophenyl)borate (PTCPB), behaves as a
counter ion and compensates the charge excess. The im-
mobilized PFO dye interacts with Fe3C cations in sample
solution via nitrogen belonging to five-membered

Fig. 5. Emission spectra of immobilized PFO (2 mmol PFO/kg PVC,

lex Z 385 nm) after exposure to different Fe3C concentrations: (a) 0,

(b) 6 ! 10�6, (c) 8 ! 10�6, (d) 1 ! 10�5, (e) 2 ! 10�5, (f) 4 ! 10�5,

(g) 6 ! 10�5, (h) 8 ! 10�5, (i) 1 ! 10�4, (j) 2 ! 10�4, (k) 4 ! 10�4,

and (l) 6 ! 10�4 M.
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heteroring and oxygen atom of furyl ring. This interac-
tion is not as strong as a real complexation reaction
but is strong enough to bind the Fe3C cations reversibly.
Since the polarity of PFO dye has been increased upon
excitation, the excited PFO molecule electrostatically in-
teracts with Fe3C and an energy transfer takes place
from ligand to metal. The PFO responds to iron by a de-
crease in fluorescence intensity that has been used as an-
alytical signal.

3.4. Effect of pH on sensor response

The pH dependence of the sensor membrane was
investigated both in plain buffers of 10�3 M BES (pH
6e8), CH3COOH/NaCH3COO� (pH 4 and 5) and
NH4Cl/NH3 (pH 9e11), and in the presence of
6 ! 10�5 M Fe3C (Fig. 4). Response is slightly affected

Fig. 6. Calibration plot of sensor in the concentration range of

6 ! 10�6e6 ! 10�4 MFe3C inBESebuffered solutions (lex Z 385 nm,

2 mmol PFO/kg PVC).
by pH. Above and below pH 7.00 the signal
intensity has shown a slight tendency to decrease. This
result indicates that by using the proposed sensor for
determination of Fe3C, there is no need for stringent
control for the sample solution pH, which simplifies
the practical application of the proposed sensor in the
determination of Fe3C concentration in real samples.

Although there has been no significant pH dependence
in the pH range of 4.0e11.0, the pH of the measurement
medium was kept constant at pH 7.0 employing 10�3 M
BES buffer. At well-defined and constant pH values, the
response is reproducible and promising.

3.5. Sensor response to Fe3C

The sensor slides were exposed to BES-buffered
Fe3C solutions in the concentration range of 6 ! 10�6e
6 ! 10�4 M. Fluorescence emission spectra of sensor
slides after exposure toFe3C solutions are shown inFig. 5.

The normalized (Io/I ) calibration plot of iron sensor
in the concentration range of 6 ! 10�6e6 ! 10�4 M
Fe3C is shown in Fig. 6.

The linearized calibration plot of sensor can be de-
scribed by y Z 0.0022x C 1 and the correlation coeffi-
cient is 0.9955.

The limit of detection for Fe3C was defined as the
concentration at which the signal is equal to the average
blank signal G3 standard deviation (n Z 20). The blank
signal was taken to be the fluorescence intensity at
478 nm in the absence of Fe3C. The limit of detection
(LOD) for Fe3C was found to be 3.8 ! 10�6 M.
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Fig. 7. Intensity based response curve of the sensor slide (2 mmol PFO/kg PVC, lex Z 385 nm) in monitoring Fe3C in the concentration range from

6 ! 10�6 to 6 ! 10�4 M.
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Intensity-based response curve of the sensor mem-
brane to evaluate the reproducibility and reversibility
of the sensor is shown in Fig. 7.

By alternately measuring the sample solution
with Fe3C concentration of 6 ! 10�4 M and regeneration
buffer (0.026 mol L�1 KH2PO4/0.041mol L�1 Na2HPO4,
pH 7.00), the reproducibility of the membrane was inves-
tigated. The relative standard deviation was calculated
for upper signal level and found to be 0.4% for seven
measurements, which indicates that reproducibility of
proposed sensor is satisfactory.

The approximate response time (t90) was measured as
2 min. The sensor was fully reversible and a positive
drift of 1.6% of the upper signal has been observed after
the first cycle. The following second and third cycles did
not result in any further large drifts. Fluorescence inten-
sity of the dye is found to decrease about 2.7% after the
fourth cycle and 4.4% after the fifth and sixth cycles.
The results indicate that the reversibility of the proposed
sensor is satisfactory.

3.6. Selectivity studies

Interferent effects of cations Co2C, Ni2C, Zn2C and
Cu2C were also tested and evaluated. These cations
were chosen considering the hydratised ionic radius
of iron (Fe3C Z 2.13, Co2C Z 2.09, Ni2C Z 2.06,
Zn2C Z 2.17 and Cu2C Z 2.07 Å) [22].

By fixing the concentration of Fe3C at 4 ! 10�5 M,
concentrated solutions of the interfering cations
(10�2 M), Co2C, Ni2C, Zn2C and Cu2C, were added
into the sample solution, and sensor slides were tested
to evaluate the selectivity. The relative signal intensity
drops caused by the tested possible interferent cations
are shown in Table 3.

The interferent effects of cations that caused a relative
signal intensity change of less than 5% is negligible. Re-
sults in Table 3 reveal that Ni2C, Zn2C and Co2C have
negligible interference effect for the determination of
Fe3C. The same amount of Cu2C decreased the fluores-
cence intensity of the PFO by 5.6%. At the

Table 3

Effects of interferent cations on the fluorescence signal of the proposed

optical sensor (F1: fluorescence intensity of the sensor membrane in the

presence of Fe3C at 4 ! 10�5 M, DF: difference of fluorescence inten-

sities before and after exposure to interferent cations)

Interferent cations Concentration (M ) Relative signal

change (DF/F1) ! 100

Ni2C 10�2 4.3

Zn2C 10�2 3.8

Co2C 10�2 4.2

Cu2C 10�2 5.6

Cu2C 10�3 5.3
concentration of 10�3 M of Cu2C the relative signal in-
tensity change becomes smaller, 5.3%.

4. Conclusion

It is proved that the immobilized 4-(2-furylmethy-
lene)-2-phenyl-5-oxazolone (PFO) can be used for
Fe3C sensing in the concentration range of 6 ! 10�6e
6 ! 10�4 M. It has a reproducible response and provides
an inexpensive and quick method for the determination
of Fe3C. This novel sensor does not require harsh condi-
tions such as an acidic media, thus it has application
potential for determination of Fe3Cin real samples.
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