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Abstract

A thin film dissolved oxygen optical sensor was fabricated by encapsulating the phosphorescent dye erythrosin B in a sol-gel/fluoropoly-
mer composite matrix. Strong phosphorescence, which was efficiently quenched by dissolved oxygen, was observed. The sensor was
stable, optically transparent, 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 was linear at low dissolved oxygen concentrations,
but exhibited marked upward turning at higher concentrations due to combined dynamic and static quenching processes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction have been based on transition-metal complexes trapped in
polymer or sol—-gel matricel§—12].

An ideal chemical sensor should posses adequate sensi- The xanthene dye erythrosin B has shown promise as a
tivity, selectivity and detection limits for the particular an- suitable probe dye for the detection of both gaseous and
alyte under consideration. It should also be robust, easy todissolved oxygerj13—-18] Previous work has shown that
calibrate and posses long term stability. Dissolved oxygen in pure silica sol-gel matrices, erythrosin B phosphores-
(DO) sensors which will operate for prolonged periods in cence is highly quenched by liquid watg8]. Erythrosin
hostile and corrosive environments are in considerable de-B doped sol-gels have been recently evaluated as phos-
mand for industrial and environmental applications. Con- phorescent dissolved oxygen sensors, but only in the form
ventional electrochemical (Clark electrode) detectors are notof monoliths containing a relatively high concentration of
suitable for such environments since they are easily poisoneddye to compensate for excited triplet quenching by wa-
by sample constituents such as metal ions, proteins, oxi-ter hydroxyl vibrationg17]. Recently, studies of erythrosin
dants and reductants. Consequently, considerable effort hag®/sol-gel thin films found no detectable phosphorescence,
been expended in the development of robust optical sensordut weak fluorescence which was very efficiently quenched
based on oxygen sensitive luminescent dyes encapsulatedyy dissolved oxygen was observed. These results were inter-
in chemically resistant sol-gels or polymers. Besides being preted on the basis of a singlet oxygen feedback mechanism
inert, suitable matrices must be able to dissolve the dye, be[18].
permeable to oxygen and impermeable to liquid water, and In many respects, highly fluorinated polymers are ideal
dissolved species which interfere with the operation of the matrices for organic fluorophores. They are chemically inert,
Sensor. permeable to oxygen and since they are highly hydrophobic

Luminescent quenching of organic fluorophores can form offer protection from many charged species which may poi-
the basis of DO detectors due to their fast response, highson the dye. Unfortunately, many highly fluorinated organic
sensitivity and specificity1—6]. Unlike electrochemical de-  polymers are insoluble in common solvents rendering them
tectors, they are less easily poisoned. Most of these sensorginsuitable for fabricating thin film sensors. One fluorinated

polymer, an amorphous copolymer of tetrafluoroethylene,
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B, with a view to constructing a sensitive, robust DO sen- 2. Experimental

sor suitable for aggressive aqueous environments. Although

promising, this polymer suffered from two problems. Since 2.1. Chemicals and materials
it is relatively soft, it cannot withstand abrasive aqueous en-

vironments for extended periods. Also, due to its low glass  Erythrosin B (95% pure) and tetraethoxysilane (TEOS)
transition temperature, the dye molecules tend to form ag- were obtained from Aldrich and used as received. The fluori-
gregates at elevated temperatures and during the film deponated polymer, an amorphous random copolymer of tetraflu-
sition process. Since the phosphorescence arising from thes@roethylene <56 wt.%), vinylidine fluoride €27 wt.%),

dye aggregates was not quenched by dissolved oxygen, theind propylene 17 wt.%), was obtained from Aldrich
sensor showed a large background optical signal. To addressind used without further treatment or purification. Glass
these problems sol—gel/fluoropolymer composite films were microscope slides were obtained from Fischer and cut to
investigated as possible dye hosts. It was also hoped thaldimensions 12 mnx 25 mm were used as substrates for the
these composites would reduce or eliminate some of thesensor films. All other chemicals and solvents were reagent

problems frequently encountered with pure silica sol-gels grade and used without further purification. De-ionised
such as cracking and loss of transparency, at the same timguater was used throughout.

retaining some of the key advantages of the fluoropolymer

matrix. In this paper, the suitability of fluoropolymer/sol-gel 2.2. Procedures

composites as hosts for DO sensitive dyes was evaluated.

Erythrosin B was chosen as the probe dye since it had al- The sol—gel/fluoropolymer composite was prepared by

ready been characterised in both thin film sol-gel and fluo- mixing a TEOS sol with a 5% solution of the polymer in

ropolymer matrice$18,19] MEK. In a typical preparation, 4.5 ml of TEOS was mixed
In a homogeneous solution, when only dynamic quench- with 1 ml 0.1 M HCl and 0.4 ml of deionised water. The mix-

ing is present, the emission intensity of a lumophore, ture was stirred at room temperature for 2h when a clear

which decays naturally by a first order process, and homogeneous solution of TEOS sol was formed. After stand-

which is quenched bimolecularly by oxygen (often at a ing at room temperature for 24 h, 1 ml of the TEOS sol was

diffusion controlled rate), is given by the Stern—\Volmer then mixed with 1 ml of a 5% solution of the fluoropoly-

equation: mer in MEK containing erythrosin B at a concentration of
104 M. After standing overnight, a clear slightly pink solu-

% = 1+ 10kq[O2] (1) tilqg was obtained which was used immediately to coat the
slides.

The substrates were cleaned by soaking in an alkaline
detergent, followed by immersion in a solution of ammo-
nium persulphate in 98% sulphuric acid for at least 12 h.
This was followed by thorough washing in room tempera-
ture de-ionised water, after which the slides were oven dried
at 110°C. The sensors were prepared by dip-coating using
cleaned glass substrates. The film thickness was found to
be about 600 nm on each side of the glass substrate. The
coated slides were cured at room temperature in the dark,
for 2 weeks, when transparent, optically clear films were
wherert is the lifetime in the presence of oxygen concentra- obtained which were not affected by prolonged immersion
tion [O2]. In both cases the dynamic Stern—Volmer constant in water. The films appeared to be unchanged after standing
Ksv is Tokg. The two equations are equivalent when no static in the dark, at room temperature, for more than 12 weeks.
guenching is involved. Steady state luminescence measurements on the coated

Frequently, optical sensors based on matrix encapsulatedsubstrates were made using a Perkin Elmer LS 45B fluo-
luminescent dyes, deviate from the Stern—\Volmer equation rimeter with 530 nm excitation and 10 nm slit widths. The
at higher oxygen concentrations. Usually, a downward turn- coated slide was placed diagonally in a standard polymethyl-
ing curve is found, which is often attributed to dynamic methacrylate 1 cnx 1 cm cuvette and the phosphorescence
guenching of the triplet state combined with a heterogeneouscollected at 90 to the exciting radiation beam. Water sam-
environment for the immobilised dye molecules. This be- ples containing different concentrations of dissolved oxy-
haviour can generally be fitted by a two-site mo[@€l]. An gen were obtained by bubbling pure oxygen, air and argon
alternative model combines both dynamic and static quench-slowly through distilled water, at room temperature for at
ing and predicts a quadratic dependence of luminescencdeast 15 min. Other oxygen intermediate dissolved oxygen
intensity on quencher concentration, and a Stern—\Volmer concentrations were obtained by bubbling appropriate gas
plot which turns upward at higher quencher concentration mixtures through the water until equilibrium was reached.
[20]. Oxygen concentrations up to 20 md| (the limit of the

wherelg is the emission intensity of a lumophore which
decays naturally in the absence of oxygerhe emission
intensity in the presence of oxygem,the lifetime of the flu-
orescing state in the absence of oxygen, lanithe bimolec-
ular rate constant for quenching by oxygen. The equivalent
kinetic equation is

’—t" = 1+ 10kg[O2] )
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meter) were checked using a calibrated Oakton dissolved
oxygen meter.

3. Results and discussion

3.1. Luminescence emission

The structure of erythrosin B, a xanthene dye, is shown
in Fig. 1together with the molecular structure for the flu-
oropolymer. The absorption spectrum of a solution of the
dye in MEK is shown inFig. 2 The excitation spectrum of (b)
a typical dip-coated S“dpf is shown Fig. 3 B_Oth Spe_Ctra Fig. 1. (a) Structure of erythrosin B. (b) Structure of fluoropolymer
shown a strong absorption near 530 nm with a high fre- ,__ sgwt.06; y =~ 27Wt.%: z =~ 17 wt.%).
quency shoulder. The encapsulated dye absorption however,
at 524nm is blue shifted with respect to the solution ab- stern—volmer plots can be well fitted by an exponential func-
sorption at 531 nm, and is also much broader indicating a tjon facilitating calibration of the sensor.
heterogeneous environment for the dye molecules. With  From Fig. 4, it can be seen that phosphorescence that is
excitation at 530nm, strong phosphorescent emission atnot quenched by DO is small, in marked contrast to the
680nm was observed when the slide was immersed in airpyre fluoropolymer based sensors which exhibited a large

— (CFCF)y—~(CHCF2)y— (CHz(‘?H)T
CH;

saturated de-ionised water at room temperature. residual (unquenched) phosphorescence. This suggests, that
dye aggregation does not occur to a significant extent in the
3.2. Dissolved oxygen sensing composite matrix, at least during the coating procedure and

at relatively short cure times, and that triplet dye quenching
The strong phosphorescence from erythrosin B in the by DO is very efficient. Thus oxygen must diffuse readily

composite matrix decreased in intensity as the dissolvedthrough this composite matrix and the dye molecules must
oxygen concentration increased as shown for example inlargely reside in oxygen accessible sites. The excitation and
Fig. 4 Typical Stern—\Volmer plots (e.drig. 5 all approx- phosphorescence spectra of the composite encapsulated dye
imately follow first order kinetics (i.e. are fairly linear) up are also somewhat sharper than those found in the pure flu-
to about 10 mgt! of DO. At higher DO concentrations, the  oropolymer matrix[19], indicative of a narrower distribu-
plots all exhibit a very marked upward curvature. A max- tion of local molecular environments in this matrix for the
imum Stern—-\Volmer ratido/l of about 82 was observed, erythrosin B dye.
corresponding to the ratio of fluorescence emission in de- Curvature in the Stern—\olmer plots at higher oxygen
oxygenated to that in oxygen saturated water &@0The concentrations has been explained on the basis of two
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Fig. 2. Absorption spectrum of erythrosin B in air saturated methyl ethyl ketone solution.
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Fig. 3. Excitation spectrum of a dip-coated film of erythrosin B in a sol-gel/fluoropolymer matrix on glass in air.

different theorie$20]. The first assumes the presence of two  This assumption leads to the relationship

simultaneous quenching processes, dynamic and static inI

nature with or without a heterogeneous environment for the 0 — (1 4+ Kp[Q])(1 + K[Q]) = 1+ K1[Q] + K2[ ]2

dye. The second theory assumes dynamic quenching only / 3)

is present, but the probe molecules are considered to reside

in different sites in the matrix with differing accessibility to  where Kp and Ks are the dynamic and static quenching
oxygen molecules. constants respectively aiif = Kp+ KsandK2 = KpKs.

If the first mechanism is operative, the probe dye is  Thus, this mechanism leads to a quadratic dependence of
guenched both by excited state collisions, and by ground lo/l on [Q]. SinceK3 is positive however, the quadratic term
state complex formation with the quencher. The relative can result in an upward curvature to the Stern—Volmer plot
intensity ratiolo/l is thus given by the product of both which agrees with the observed quenching behaviour in the
dynamic and static quenching processes. present composite/dye system. The latter mechanism results
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Fig. 4. Variation of phosphorescence intensity of erythrosin B in sol-gel/fluoropolymer matrix at 680 nm with dissolved oxygen concentration.
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Fig. 5. Stern—Volmer plot for erythrosin B in sol—gel/fluoropolymer matrix. Data fittedyby: exp(a 4+ bx) with a = 0.700, b = 0.088.

in a downward turning Stern—Volmer plot a behaviour pre-
viously observed with the fluoropolymer system and which

is much more common with oxygen sensors based on en-

capsulated luminescent dyes.

The relative contributions of dynamic and static quench-
ing processes can be estimated graphicélty. (3) can be
rearranged to give:

{lo/1 -1}
[0]
A plot of {Ig/I — 1}/[Q] against [J] yields a straight

line with a slope equal toKpKs and an intercept of
Kp + Ks. This plot using the data ifig. 5, is shown in

= (Kp + Ks) + KpKs[ Q] 4
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Fig. 6. The measured intercept is1® + 0.04 (mgH1)—1
and the slope is .01 + 0.002 (mgF1)~2. Using these
guantities, calculated values for badilp and Ks of about
0.1 (mg1)~1 were obtained for this model. These equate
to values of @ x 1°M~1 for both Kp and Ks. As-
suming a phosphorescent triplet lifetime of 44$ for
the dye [16], the corresponding bimolecular quenching
constantkq is 7.2 x 18M~1s71. Since the maximum
dynamic bimolecular quenching constant for oxygen in
aqueous solution is aboutx 1019M~1s™1 these results
imply that static quenching is relatively efficient in this
system giving rise to the marked upturning Stern—\Volmer
plot.
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Fig. 6. Separation of the dynamic and static quenching constants for erythrosin B in a composite matrix quenched by dissolvedQpxggie. [
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The conventional interpretation of static quenching as- Stern—Volmer plot and may also contribute to the dynamic
sumes the formation of a non-luminescent complex betweenquenching constant in the present case.
the chromophore and quencher. In this case, the formation
of a conventional ground state complex is improbable. It 3.3. Probe characteristics
is more likely, that oxygen molecules in the vicinity of the
chromophore during excitation (dark complexes) quenchthe Extended reproducible measurements over many weeks
luminescence of the dye. This type of apparent static quench-showed that photobleaching was not a significant problem
ing is usually interpreted in terms of a “sphere of action” with this sensor system at least on this time scale. The slides
within which the probability of quenching is unity. The mod- were however, stored in the dark in closed containers be-
ified form of the Stern—Volmer, which describes this situa- tween experiments. No longer term curing or photostability

tion, is[20] measurements have as yet been carried out but are planned
as part of future studies involving optical fibres as well as
o _ 1+ Kp[Q]) exp([Q]VNA ) (5) glass slides as the substrates. The sensors were mechanically
1 1000 stable, quite hard but not brittle. No cracking or chipping
of the coatings was observed and the sensors appeared to
whereV is the volume of the sphere in énand Na the be generally robust. They were not affected by prolonged
Avogadro’s number. In the present case, the datgign 6 immersion in water at room temperature and dye leach-

is consistent with a sphere of radius near 9nm. This is ing was insignificant. Excellent signal/noise ratios were ob-
much larger than the combined radii of dye and quencher, tained under the experimental conditions used, and much
but it is probable that the concentration of quencl@rif thinner coatings or lower dye concentrations could be used
larger than the experimental value used in the calculation. in future devices incorporating, for example, optical fibre
It is likely, that the matrix consists of microdomains of probes.
sol-gel and fluoropolymer. The polar dye would tend to
reside in the sol-gel domains while the oxygen molecules
would adsorb at the gas/solid interface of the fluoropoly- 4. Conclusions
mer domains. This would result in a higher local con-
centration of oxygen in the vicinity of the fluorophore Thin film optical sensors, using a composite TEOS sol-
(Langmuir adsorption) resulting in a proportionally smaller gel/fluoropolymer matrix and erythrosin B dye, exhibited
calculated value of the active sphere radius. Langmuir ad- strong phosphorescence at 680 nm, which was efficiently
sorption isotherms have been found for gases adsorbedquenched by DO in aqueous systems. There was very lit-
in amorphous polymers both above and below the glasstle residual phosphorescence, in oxygen saturated water.
transition of the polymef19,21] It is also probable that The sensor was linear in concentration at DO concen-
aggregation of the dye molecules will occur within the trations corresponding to air saturated water. At higher
sol-gel microdomains leading to a larger radius than the DO concentrations, the Stern-Volmer plot turned up-
monomolecular species. wards probably due to the presence of static as well as
Interestingly, a similar upward turning Stern—Volmer plot dynamic quenching. This seems to arise from the forma-
was also observed with erythrosin B in a pure TEOS sol-gel tion of dark complexes on specific sites in the sol—gel
matrix [18] although in this case no phosphorescence but matrix. Dye leaching, photobleaching, and light scatter-
only weak delayed fluorescence at 590 nm was observed.ing were not significant over the time scales measured.
A similar mechanism could also be operating in this case This system shows promise as a relatively inexpensive,
giving rise to the upward turning Stern—Volmer plots. How- easily constructed sensor for the optical detection of dis-
ever, the reduced access to water molecules in the composit&olved oxygen in aggressive aqueous environments. The
matrix would result in less quenching of the phosphores- long phosphorescent lifetimes of the indicator dye also
cence. Thus the presence of significant static quenching offacilitates the use of phase-shift lifetime measurements as
the triplet state of this dye seems to be associated particu-alternatives to the steady state intensity techniques used.
larly with the silica sol—gel matrix since the pure fluoropoly- The combination of attractive properties of the composite
mer matrix exhibits the opposite behaviour (i.e. downward matrix should make it an encapsulant of choice for other
turning Stern—\Volmer}j19]. DO sensitive phosphorescence dyes if long term studies are
The observation of significant delayed fluorescence in the successful.
case of the pure sol-gel mat(ik8], led to the proposal of a
singlet oxygen feedback mechanism. This involves the gen-
eration of singlet oxygehS when the erythrosin triplets are  Acknowledgements
guenched by oxygen, followed by activated energy trans-
fer from 10, to a neighbouring triplet dye molecule pro- The authors are pleased to acknowledge a grant to RNG
ducing excited singletS states. This mechanism would from Bell College Research Grants Committee in support of
also be second order i) resulting in an upward turning  the Joint Optical Sensor Programme.
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