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Abstract

Arobust thin film dissolved oxygen sensor was fabricated by trapping erythrosin B in a flexible fluoropolymer matrix. Strong phosphores-
cence, which was partially quenched by dissolved oxygen, was observed when the sensor was immersed in water. Residual phosphorescenc
which was not quenched by dissolved oxygen, was attributed to the presence of aggregated dye species. The sensor was optically transpar
ent, resistant to contamination, with good mechanical properties. Fast response, coupled with good sensitivity and resistance to leaching,
were also exhibited by this system. The Stern—Volmer (SV) plot exhibited marked downward turning at higher oxygen concentrations. A
linear plot was obtained when the SV equation was modified to account for the varying sensitivity of dye molecules in the matrix to the
quencher.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction polymer or sol-gel matrices and have been mainly used to
measure gaseous oxyggf-12].

There is currently considerable demand for dissolved Erythrosin B has been shown to be a suitable probe dye for
oxygen sensors which will operate for prolonged periods in the detection of both gaseous and dissolved oxyld&r-18]
hostile and corrosive environments such as those found inPrevious studies have shown that in sol gel matrices, ery-
many chemical processes and effluent discharges. Conventhrosin phosphorescence is highly quenched by liquid water
tional electrochemical (Clark cell) detectors are not suitable [18]. Erythrosin B doped sol gels have been evaluated as
for such environments since they are easily poisoned. Con-phosphorescent dissolved oxygen sensors, but only in the
sequently, considerable effort has been expended in theform of monoliths containing a relatively high concentration
development of robust optical sensors based on oxygenof dye to compensate for excited triplet quenching by water
sensitive dyes encapsulated in chemically resistant sol gelshydroxyl vibrations[17]. Recently, studies of erythrosin
or polymers. Besides being inert, suitable matrices must beB/sol gel thin films found no detectable phosphorescence,
able to dissolve the dye, and be permeable to oxygen. Theybut found weak fluorescence which was very efficiently
should also be impermeable to liquid water, and dissolved quenched by dissolved oxygen. These results were explained
species such as metal ions, proteins, oxidants and reductanten the basis of a singlet oxygen feedback mechanism
which interfere with the operation of the sensor. [18].

Luminescent quenching of organic fluorophores can form  In many respects, highly fluorinated polymers are ideal
the basis of dissolved oxygen detectors due to their fast matrices for organic fluorophores. They are inert, permeable
response, high sensitivity and specifidity-6]. Unlike elec- to oxygen and since they are hydrophobic offer protection
trochemical detectors, they are not easily poisoned. Mostfrom many charged species which may poison the dye. Un-
of these have been based on transition-metal complexes irfortunately, many highly fluorinated organic polymers are

insoluble in common solvents rendering them unsuitable
for fabricating thin film sensors. One such polymer, which
* Corresponding author. Pregent addr_ess. Th(_)mas_ Graham Building, jg inexpensive and commercially available, is a copolymer
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suitable host material for the probe dye erythrosin B, with for at least 12 h at room temperature, cleaned the substrates.
a view to construct a sensitive, robust, dissolved oxygen This was followed by thorough washing in room temper-
sensor suitable for use in aggressive aqueous environmentsature de-ionized water, after which the slides were oven
In a homogeneous solution when only dynamic quench- dried at 110C. The sensors were prepared by dip-coating
ing is present, the emission intensity of a lumophore which or spin-coating on cleaned substrates using a 5% solution
decays naturally by a first-order process, and which is of the polymer in methyl ethyl ketone (MEK) containing
quenched bimolecularly by oxygen (often at a diffusion con- erythrosin B at a concentration of 2HM. The film thick-
trolled rate), is given by the Stern—Volmer (SV) equation: ness was found to be aboujg on each side of the sup-
Io port for the dip-coated and Oggn on one side only for the
7= 1+ 10kg[O2] @) spin-coated films. The slides were dried at room temperature
for several days or in a vacuum oven at room temperatures
wherelp is the emission intensity of a lumophore which for at least 6 h. The final polymer coatings were optically
decays naturally in the absence of oxygethe emission  transparent, rubbery but tough, and adhered well to the glass
intensity in the presence of oxygemg the lifetime of  substrate. They were not affected by prolonged immersion

the fluorescing state in the absence of oxygen, lanthe in water. The UV-Vis absorption spectra were recorded us-
bimolecular rate constant for quenching by oxygen. The ing a Heliosp UV-Vis spectrophotometer. Steady-state lu-
equivalent kinetic equation is minescence measurements were made using a Perkin-Elmer
70 LS 45B fluorimeter with 530 nm excitation and 10 nm slit

— = 1+ 70kq[O2] @ widths.

The coated slides were placed diagonally in a standard
polymethylmethacrylate 1 cm 1cm cuvette and the phos-
phorescence collected at9® the exciting radiation beam.

Water samples containing different concentrations of dis-

olved oxygen were obtained by bubbling pure oxygen, air
d;nd argon slowly through distilled water, at room tempera-
ture for at least 15 min. Other oxygen intermediate dissolved
oxygen concentrations were obtained by bubbling appropri-
ate gas mixtures through the water until equilibrium was
reached. Oxygen concentrations up to 20 rg(the limit
of the meter) were checked using a calibrated Oakton dis-
solved oxygen meter.

wherert is the lifetime in the presence of oxygen concentra-
tion [O>]. In both cases, the dynamic Stern—\olmer constant
Ksv is tokg. The two equations are equivalent when no
static quenching is involved.

Frequently, optical sensors based on matrix encapsulate
luminescent dyes, deviate from the Stern—\Volmer equation
at higher oxygen concentrations. Usually, a downward turn-
ing curve is found, which is frequently attributed to dynamic
guenching combined with a heterogeneous environment for
the dye molecules. This behavior can generally be fitted by a
two-site mode[19]. An alternative model invokes both dy-
namic and static quenching and can predict a decay curve,
which has a quadratic dependence on quencher concen-

Erlagt]lon and turns upward at higher quencher concentrat|on3_ Results and discussion

3.1. Luminescence emission

2. Experimental . .
The structure of erythrosin B, a xanthene dye, is shown

21 Chemicals and materials in Fig. 1 together with the structure of the fluoropolymer.

Erythrosin B (95% pure) were obtained from Aldrich and

used as received. The fluorinated polymer an amorphous (@)

random copolymer of tetrafluoroethyleneq6 wt.%), viny- (H)
lidine fluoride (~27 wt.%), and propylene~17 wt.%) was C—0ONa
obtained from Aldrich and used without further purifica- I N I
tion. Glass microscope slides were obtained from Fischer, O ‘
and cut to dimensions 12 mm 25 mm, were used as sub- NaO 0 AN 0
strates for the sensor films. All other chemicals and solvents I |

were reagent grade and used without further purification.

De-ionized water was used throughout. ®)
— (CFCF)—(CHCF)y— (CH2$H)T

CH3;

2.2. Procedures

An alkaline detergent wash, followed by immersion in a Fig. 1. (a) Structure of erythrosin B. (b) Structure of Fluoropolymer
solution of ammonium persulphate in 98% sulphuric acid (x =~ 56 wt.%; y =~ 27 wt.%; z =~ 17 wt.%).
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Fig. 2. Absorption spectrum of erythrosin B in methyl ethyl ketone 1
solution. DO, (mgl™)

Fig. 4. Variation of phosphorescence intensity (A.U.) of erythrosin B in

. . . fluoropolymer matrix at 680 nm with dissolved oxygen concentration.
The absorption spectrum of a solution of the dye in MEK

is shown inFig. 2 The absorption spectrum of a typi-
cal dip-coated slide is shown irig. 3. Both spectra show
a strong, broad, absorption near 530 nm with a high fre-

quency shoulder. The encapsulated dye absorption however, The strong phosphorescence from erythrosin B in the flu-

at 524 nn;is blue st(yfted :N'th resp;]egt to (tjhe S\(/)VI_U:]'O” absorp- o holymer decreased as the dissolved oxygen concentration
tion at 531 nm, and is also much broader. With excitation i, reased as shown for exampleRiy. 4. The steady-state

a’;)530 n(rjn, itronghpholijphorescer?t emlssgn. at 580 nm Wadsplots for spin-coated and dip-coated slides all approximately
observed when the slides were immersed In air saturated .y first-order kinetics (i.e. are fairly linear) up to about

deionized water at room temperature.

3.2. Dissolved oxygen sensing

10mg I of dissolved oxygen. At higher dissolved oxygen
concentrations, the plots all exhibit a very marked downward
curvature. Stern—Volmer ratidg/l from about 0.03 to 0.12
were obtained from the linear parts of the plots for differ-
ent coated slides corresponding to the ratio of fluorescence
emission in deoxygenated to that in oxygen saturated water
at 20°C. The sensor quenching response of a typical sensor,
over a range of dissolved oxygen concentrations, is shown
as a Stern—\Volmer plot iRig. 5.

From Fig. 4, it can be seen that there is strong resid-
ual phosphorescence that is not quenched by the highest
concentrations of dissolved oxygen. This may be due to
several factors. Some dye molecules may reside in sites
in the matrix, which are inaccessible to the quencher.
There may be insufficient quencher available to deactivate
all the dye molecules or the dye may form aggregates,
which are less sensitive or insensitive to dissolved oxygen
guenching. Aggregation of dye molecules has been shown
. ) . ) . ) . ) . | to occur previously in polymer matrices which have low

350 400 450 500 550 600 glass transitions in which dye diffusion is possible at room
A (nm) temperature. The polymer used for the present work, has a
glass transition below room temperature so that aggregation

Fig. 3. Absorption spectrum of a dip-coated film of erythrosin B in a Of the dye molecules is possible during the film deposi-
fluoropolymer matrix on glass in air. tion step. The very broad absorption and phosphorescence
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Fig. 5. Stern—Volmer plot for erythrosin B in fluoropolymer matrix. Data
fitted by Box—Lucas model witlh = 0.118 andbh = 0.888.

spectra of the encapsulated dye are also indicative of a I {Z

wide distribution of local molecular environments for the
erythrosin B.
Usually, curvature in the Stern—\Volmer plots at higher

oxygen concentrations has been explained by two different

theories[19]. The first is the presence of two quenching

processes dynamic and static. The second theory assumegy — |

dynamic quenching only, but the probe molecules are con-
sidered to reside in different sites in the matrix with dif-
fering accessibility to oxygen molecules. The presence of
aggregates of dye molecules of different sizes with vary-
ing sensitivity to the quencher would give rise to similar
results.

In the first mechanism, the probe dye is quenched both
by excited state collisions, and by ground state complex
formation with the quencher. The relative intensity ragith
is thus given by the product of both dynamic and static
guenching.

Thus we have:

= 1+ Kp[OD (L + Ks[Q]) = 1+ K1[Q] + K2[0]?
(3)

whereKp andKg are the dynamic and static quenching con-
stants respectively ankl; = Kp + Ks andK2 = Kp Ks..
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Fig. 6. Modified multi-site Stern—Volmer plot for erythrosin B in a fluo-
in the form:
fiKsvi[O2]

ropolymer matrix.
-1
1+ Ksvi[O2]} }

wheref; is the fraction of dye moleculdéshaving a quench-
ing constanKsy;.
This may be written as:

Iy 1 1
— _ 5
KsviOz 7 ®)

where f = Xf; which is the maximum mole fraction of dye
molecules which are quenched by oxygen. If all erythrosin
molecules are quenched to the same degfee,1.

Using this modified SV equation, plots df/(Iop — I)
against 1/[Q] were constructed.

Fig. 6shows the data frorfig. 4 plotted in this way. Fairly
linear plots were obtained with, in the present example, an
intercept Xf = 25 andf = 0.04. The small fraction of lu-
minescent dye molecules quenched by oxygen, corresponds
to the high residual phosphorescence intensity observed in
oxygen saturated water.

The Stern—\Volmer plots were also accurately fitted by
Eqg. (6) (Box—Lucas model):

Io

7-1= (6)

wherea and b are constants and)] is the concentration
of dissolved oxygen quench20]. This allowed accurate

(4)

—a(l— b9

Thus, this mechanism leads to a quadratic dependence ofingle or double point calibration of the sensor to be readily

lo/l on [Q]. SinceK> is positive however, this leads to an
upward curvature in the Stern—Volmer plot. The latter mech-
anism results in a downward turning Stern—\Volmer plot, and
is thus more likely to dominate in the present case. Assum-
ing a distribution of dye molecules with varying sensitivity
to dissolved oxygen quencher, the §4. (1)can be written

achieved.
3.3. Probe characteristics

Extended reproducible measurements over several weeks
showed that photobleaching was not a significant problem
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with this sensor system on this time scale. The slides werethe physical properties and quenching characteristics with-
however, stored in the dark in closed containers between ex-out compromising the desirable protectant properties of the
periments. No long-term photostability measurements were matrix.
carried out. The sensors were optically transparent, mechan-
ically stable, though rather soft and rubbery. They were not
affected by prolonged immersion in water at room temper- Acknowledgements
ature and dye leaching was insignificant.
The authors are pleased to acknowledge a grant to RNG

from Bell College Research Grants Committee in support of
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