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Abstract

More detailed analytical studies of a new fluoride selective optical sensor based on the use of
aluminum(l11)-octaethylporphyrin and a lipophilic pH indicator (4',5'-dibromofluorescein octadecyl
ester; ETH-7075) within a thin plasticized poly(vinyl chloride) film are reported. The sensor exhibits
extraordinary optical selectivity for fluoride over a wide range of other anions, including anions with
far more positive free energies of hydration (e.g., perchlorate, thiocyanate, nitrate, etc.). UV-VIS
spectrophotometric studies of the sensing films indicate that fluoride interacts with the Al(I11) center
of the porphyrin structure, yielding both a change in the Soret band A 34 Of the porphyrin as well as
a change in the protonation state of the pH indicator within the film. The same change in spectral
properties of the metalloporphyrin occurs in the absence of added pH indicator or with added
tetraphenylborate derivative anionic sites, but optical responses to fluoride in these cases are shown
to be irreversible. The presence of the pH indicator and the simultaneous fluoride/proton coextraction
equilibrium chemistry is shown to greatly enhance the reversibility of fluoride binding to the AI(1I1)
porphyrin. Optical response toward fluoride can be observed in the range of 0.1 uM to 1.6 mM.
Optical selectivity coefficients of < 107 for common anions (e.g., sulfate, chloride, nitrate etc.) and
< 1074 for perchlorate and thiocyanate are obtained. Measurements of fluoride in drinking water
via the new optical sensor are shown to correlate well with values obtained for the same samples
using a classical LaF3 based fluoride ion-selective electrode method.

INTRODUCTION

Ever since the development of optical oxygen sensors based on the quenching of the
fluorescence of an organic chromophore by dioxygen,1 the field of optical sensors has evolved
in many directions. These include the mode of signal transduction (e.g., absorbance,
fluorescence, chemiluminescence, etc.), the nature of the optical device (e.g., fiber optic probes,
waveguides, microspheres, etc.), the type of analytes detected (gases, ions, polyions, neutral
organics, etc.) and the nature of chemical species used to achieve selective sensing (e.g.,
indicators, ionophores, enzymes, etc.).z‘8 Compared to electrochemical sensors, optical
transduction offers several potential advantages such as continuous real-time remote
monitoring capability (using ratiometric methods and/or luminescence lifetime
measurements), no need for internal and external reference electrodes or lengthy
preconditioning times, and a sensing system that is generally free from electrical noise
problems.
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On leave from the Department of Chemistry, Faculty of Science, Ain-Shams University, Cairo, Egypt.
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Optical sensing polymeric films or so called “bulk-optodes” have been successfully developed
for sensitive detection of neutral molecules, gaseous analytes, cations/anions, as well as
polyions.g‘12 In the case of optical sensors for ions, many of the same ionophore chemistries
used so successfullf/ to prepare polymer membrane type ion-selective electrodes (ISEs) have
been employed.gv 0 Typically, a lipophilic ionophore and a pH chromoionophore are doped
within a thin polymeric film. lonophore selective extraction of the target ion from the sample
causes a concomitant coextraction or liberation of protons from/by the pH indicator to maintain
charge neutrality within the organic film, yielding a change in the optical properties (e.g.,
absorption spectrum) of the films.13

The development of fluoride selective optical sensors is of potential practical importance and
would offer an attractive low-cost/disposable alternative to the widely used solid-state LaF3
ion-selective electrode, especially for mass production (e.g., via screen printing) of planar
sensor arrays and single-use devices. Highly selective fluoride sensors are useful for the
determination of fluoride levels in municipal/potable water and for monitoring
organofluorophosphates, especially those belonging to a class of highly toxic neurotoxins that
are commonly used as chemical warfare agents (e.g., Sarin and Soman). Enzymatic14 and
metal ion1® catalyzed degradations of these species liberate fluoride ion, which could be
detected quickly using a suitable fluoride ion-selective sensor. To date, very few optical sensors
have been developed for fluoride ions. Surface optical sensors developed for fluoride ion, based
on fluorescence or absorbance/reflectance measurements, suffer from low selectivity and a
high detection limit.16: 17 For example, fluoride optical sensors based on physical
immobilization of dyes (e.g., zirconium—calcein blue and alizarine) at the distal end of
bifurcated optical fiber showed a high fluoride detection limit (e.g., 2.6 x 107> M), long
response times, and poor fluoride selectivity over common anions such as sulfate, phosphate
and acetate.16, 17

The development of highly selective bulk-optode polymeric films for hydrophilic anions,
especially fluoride, remains a fundamental challenge. Fluoride has one of the most negative
Gibbs free energies of hydration among common anions;18 thus partitioning of fluoride into
an organic polymer phase is thermodynamically unfavorable. Therefore, to devise a bulk-
optode for fluoride, a highly selective ion carrier in the organic phase is needed to
counterbalance the hydrophilicity of this anion.19 Recently it was found that polymer
membranes doped with Ga(ll) and Zr(1V) porphyrins exhibit an enhanced potentiometric
selectivity for fluoride due to the ability of these species to interact selectively with fluoride
ion via a preferred axial ligation reaction.20-24 Further, it appears that the Ga(lll) and Zr(1V)
porphyrins may be useful for preparing bulk-optode sensing films for fluoride without the need
for addition of a suitable pH indicator, owing to the ability of fluoride ion binding to the
respective metal ion centers to alter the equilibrium between monomericgorphyrins and
hydroxide ion bridged dimeric porphyrins within the polymeric film.20-23 The dimer and
monomeric species have different Soret band Ay, for absorption. However, it has already been
observed that Ga(lll) and Zr(IV) porphyrin based sensors, in both potentiometric and optical
sensing modes, exhibit significant responses toward interferent lipophilic anions such as
thiocyanate, salicylate, and iodide, 20-24 making them only marginally useful for analytical
purposes, depending on the given application. Very recently, it has been found that thin
polymeric films doped with aluminum(l11)-octaethylporphyrin and a lipophilic pH-indicator
(ETH-7075) yield a significantly enhanced optical fluoride ion selectivity over highly
lipophilic anions such as perchlorate, thiocyanate, nitrate, and iodide.2> Herein, additional
detailed studies of this new sensing system are reported to gain more insight into the nature of
the fluoride interaction with the aluminum(l11)-octaethylporphyrin ionophore. Furthermore,
optical fluoride response and selectivity are optimized by examining the effects of membrane
plasticizer, amount of chromophores, and pH of the sample solution. Optimized sensing films
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are applied for the analysis of fluoride in drinking water, and shown to provide analytical results
comparable to measurements made using a solid-state LaF3 based ISE.

EXPERIMENTAL SECTION

Reagents

4’ 5'-Dibromofluorescein octadecyl ester (ETH-7075), high molecular weight poly(vinyl
chloride) (PVC), o-nitrophenyloctyl ether (0-NPOE), dioctylsebacate (DOS), potassium
tetrakis[bis-(3,5-trifluoromethyl)phenyl] borate (TFPB) were obtained from Fluka (St. Louis,
MO). Chloro-aluminum(l11)octaethylporphyrin (Al([OEP]) was obtained from Frontier
Scientific (Logan, UT). Sodium salts of fluoride and sulfate were obtained from Mallinckrodt
(Phillipsburg, NJ). Glycine, sodium chloride, and sodium bromide were obtained from Fisher
Scientific (Cincinnati, OH). Sodium perchlorate, sodium iodide, 2-morpholinoethanesulfonic
acid (MES), B-alanine, 1,2-cyclohexanediaminetetraacetic acid (CDTA), and sodium nitrate
were purchased from Sigma-Aldrich (St. Louis, MO). Sodium thiocyanate was obtained from
J. T. Baker (Philipsburg, NJ). All aqueous solutions were prepared using 18 MQcm ™1 deionized
water produced by a Milli-Q water purification system (Millipore, Bedford, MA).

Preparation of Optically Sensitive Films and Measurement Set-up

The compositions of the various optical films examined in this study are given in Table 1. The
optically sensitive films were prepared using a spin-coating technique. Film cocktails were
prepared by dissolving the given components in 2 mL of freshly distilled tetrahydrofuran
(THF). A dust-free square-shaped quartz plate of about 35 mm in length (Fisher Scientific;
Pittsburgh, PA) was positioned by applying a vacuum in a spin coating device (model SCS-
G3-8 obtained from Cookson Electronics; Providence, RI). The quartz plate was rotated at 600
rpm, and 100 pL of the polymer film cocktail was injected onto the rotating glass plate. After
spinning for ~ 5 s, the quartz plate coated with the optical ion sensing film was removed from
the spin coater and dried in air for ~10 min. When not in use, the films were stored in the dark.
The thickness of the optical films employed was estimated to be in the range of 1-5 um
cligpending on the composition of the casting cocktail that was spin coated on the glass plate.

For analytical measurements, the quartz plate coated with the sensing film was mounted in a
custom-built spectrophotometer flow-cell similar to that described elsewhere.26 This cell has
an estimated volume of 25 uL. when using a Teflon gasket with a 0.14 mm thickness. The flow-
cell was mounted into a Perkin-Elmer double beam UV/VIS spectrophotometer (model
Lambda 35; Boston, MA). Using a Gilson Minipuls-3 peristaltic pump (Middleton, W1), a
buffer was allowed to flow for 20 min at a flow rate of 1.4 mL/min to condition the films. The
response of the optical sensing film toward different anions was evaluated by adding known
aliquots of the test solution to a stirred reservoir containing 50 mL of buffer. The resulting
buffered salt solution was pumped through the cell and re-circulated into the buffer reservoir.
After reaching equilibrium, the spectrum of the films was recorded in the range between 350
(or 360) to 630 nm. To correct for the background absorbance, the absorbance measured at 630
nm was subtracted from the absorbance values at the wavelengths of interest. Total fluoride
ion concentration (Ft) was used instead of fluoride activity except when experimental data
were fitted to theoretical response functions. In the latter case, fluoride ion activity was used.
Activity of fluoride in the test buffers was calculated as described elsewhere.26 1H NMR
spectra were obtained on a Varian 300 MHz spectrometer in deuterated chloroform.

Analysis of Fluoride in Drinking Water Using AI[OEP] Based Fluoride Optical Film

Ann Arbor, MI, tap-water samples were diluted using B-alanine-phosphate buffer and distilled
water to yield samples with different total concentrations of fluoride and a final buffer
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composition of 100 mM f-alanine, pH 3.60, and 1 mM in CDTA. The percentage of tap water
in the measured samples after dilution was in the range of 20-90 %. Fluoride concentrations
in the samples were determined using the AI[OEP] fluoride selective optical sensors after
appropriate calibration of the optical sensing films. For comparison purposes, the fluoride
levels in the same buffered samples were determined using a classical solid-state LaF3 ion-
selective electrode purchased from Fisher Scientific (Cincinnati, OH).

RESULTS AND DISCUSSION

Previously, it has been shown that the UV-VIS spectral properties of plasticized-polymeric
films doped with metalloporphyrins and an appropriate amount of lipophilic charged sites are
highly dependent on the concentration of anions that exhibit strong axial ligation with the metal
ion center of the metalloporphyrin species used as the ionophore. 21,22, 27, 28 por example,
the UV-VIS absorbance of plasticized polymer films doped with Ga(ll1) and In(IV) porphyrins
is dependent on the concentrations of fluoride and chloride, respectively.21' 27 Unlike the
conventional bulk-optode membranes that require addition of a lipophilic pH-
chromoionophore as a signal transducer, the metalloporphyrins in these cases function as both
the recognition element as well as a signal transducer via the significant spectral changes that
occur in the wavelength range of the Soret band. Such spectral changes have been shown to
be due to altering a dimer-monomer equilibrium of the metallogorphyrin in the polymer phase
by extraction and axial ligation of the preferred anion species. 9,30

A comparison of the complex stability constants of fluoride with a variety of metal ions
indicates that aluminum(l11) forms very stable complexes with fluoride ion in aqueous solution.
31, 32 1t is well-documented in the literature that the selectivity of carrier-based optical/
electrochemical sensors is highly dependent on the relative binding constants of the primary
and interferent ions with the ionophore.19 This strong affinity of aluminum(l11) towards
fluoride ion suggests the possibility of using appropriate hydrophobic aluminum(lIl)
complexes as active polymer film components to design useful carrier-based fluoride selective
optical and electrochemical sensors.

Spectral Properties of Films Doped with Al[OEP]

In preliminary investigations, the possibility of using AI[OEP] as a fluoride ion selective
ionophore in bulk optode type sensors via altering the dimer-monomer equilibrium within the
organic polymeric phase was examined. The UV-VIS spectra of AI[OEP] based optical films
with zero or 50 mol % TFPB (Films 1 and 2; see Table 1 for compositions), measured in 50
mM glycine-phosphate buffer, pH 3.00, exhibit a broadening and significant decrease in the
intensity of the Soret band (in range of 375 — 425 nm) in the presence/absence of fluoride ion
(see Figure 1). Such behavior has not been observed for any of the previously studied
metalloporphyrin-based optical sensing films.21, 22, 27, 29 Fyrther, films formulated with Al
[OEP] and 25 or 75 mol % TFPB (relative to AI[OEP]) showed similar Soret band attenuation
(data not shown). Such a decrease in Soret band intensity and broadening has been observed
previously for aluminum(l11)-tetraphenylporphyrin encapsulated in a sol-gel matrix and was
attributed to the formation of aggregated porphyrin species.33 In addition, optical spectra of a
concentrated solution of aluminum(l11)-tetraphenylporphyrin, measured in organic solvent
(e.0., ethanol_o), exhibit a similar Soret band broadening, which was explained by porphyrin
aggregation. 3 Indeed, Soret band broadening and molar absorgitivity decreases have been
reported for variety of porphyrin systems that form aggregates. 4-36 AI[OEP] is more
amenable for aggregation compared to aluminum(l11)-tetraphenylporphyrin, because the latter
is more sterically hindered by the phenyl rings perpendicular to the porphine plane. The optical
spectra of the AIJOEP] doped films formulated with 25, 50, or 75 mol % TFPB show a slight
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decrease in the absorbance at 404 nm when exposed to 10 mM fluoride ion in 50 mM glycine-
phosphate buffer, pH 3.00 (see in Figure 1 for Film-2).

Optical films prepared using 100 mol % TFPB (relative to the AI[OEP]; Film-3), however,
exhibitavery sharp and intense Soret band at 404 nm that is typical for most metalloporphyrins.
This absorption band at 404 nm can be assigned to the positively charged AI[OEP] monomer.
Guilard et al. found that the optical spectra of AI[[OEP]CI measured in benzene exhibit a Soret
band centered at 399 nm, that is close to that observed with Film-3.37 Interestingly, it was
found that exposing Film-3 to increasing fluoride concentrations prepared in 50 mM glycine-
phosphate buffer, pH 3.00, led to a large decrease in the absorption at 404 nm (i.e., monomer
band) and a concomitant absorbance increase at 382 nm (see Figure 2). This spectral change
is totally different than that observed for other metalloporphyrin systems that exhibit the dimer-
monomer equilibrium chemistry, where the dimer consists of a hydroxide ion bridged bis-
porphyrin structure. For example, films formulated with Ga(lll), In(111) and Zr(I1V) porphyrins
and appropriate amounts of TFPB (typically near 50 mol %) favor the formation of hydroxide-
bridged dimers, that decrease in concentration within the polymer phase as the preferred anionic
species is added to the test solution (with a simultaneous increase in the absorbance of the
monomer band that is red shifted relative to the dimer).21' 22,29 e monohydroxide-bridged
dimer of AI[OEP], however, is observed only at relatively high pH-values (pH > 12) (data not
shown), indicating that the equilibrium constant for this species is much weaker than the
corresponding hydroxide-bridged dimers of Ga(lll), In(l1), and Zr(lvg7porphyrins that are
observed in the films even under acidic sample conditions (pH 3).21!

The new band at 382 nm is likely dimeric porphyrin species in which two fluorides are bridging
the AI(I11) centers. Fluoride is already known to serve as a bridging ligand with a variety of
metal ions, including aluminum ion.38-41 Since 100 mol % borate is required to observe such
behavior (or 100 mol % pH chromoionophore; see below), initial conditioning of the films in
buffer leads to all of the TFPB anions serving as counter-ions to 100 % of the AI[OEP] in
monomeric form (as AI[OEP]*) and hence the very sharp Soret band expected for the monomer
species. As fluoride is added to the buffer, fluoride is extracted to serve as an axial ligand to
the AI[OEP]* species; however, to maintain charge neutrality in the polymeric film, a dimer
in which two fluoride ions are bridging two AI[OEP] complexes appears to form (AI[OEP]
F),. If only a single fluoride bridging species were responsible for the dramatic change in UV-
VIS spectrum, then 50 mol% TFPB would be the optimal level to stabilize a positively charged
(AI[OEP]),F* dimer. As fluoride is extracted to form the new dimer, cations from the sample
must be coextracted to serve as counter-ions for the lipophilic TFPB™ species.

If the above coextraction chemistry is indeed occurring, then the presence of more lipophilic
cations (M*) in the sample phase should drive the following coextraction reaction to the right,
requiring less fluoride ion to decrease the monomer concentration in the polymer film:

2M*q+2 F 4q+2 AllOEP|TEPB,;, 2 (Al[ OEP|F)y(ory)+2 MTFPB g "

Indeed, when the optical film experiment shown in Figure 2A is carried out using
tetrabutylammonium fluoride rather than the sodium salt to increase fluoride level in the sample
solution, the change of optical properties (decrease in absorption band at 404 nm) occurs at
about three orders of magnitude lower fluoride ion concentration in the sample phase (see data
in Figure 1s in the Supporting Information), supporting this concept of coextraction to maintain
charge neutrality, and the existence of the dimer of the porphyrin bridged by two fluoride ions.

Kinetics of Optical Response

As shown in the Figure 2 inset, the response time of the AIJOEP] based optical Film-3 towards
fluoride ions is very slow with more than 30 min required to reach only 85 % of the equilibrium
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optical response when changing fluoride ion concentration from 5 to 48 mM. Furthermore the
recovery time of this sensing film is also extremely slow, when changing the sample solution
to a fluoride-free buffer after contact with 48 mM fluoride. The observed sluggish response
and long recovery times are due to a strong and effectively irreversible binding of fluoride ion
to the AI[OEP] ionophore. This strong binding is not surprising based on the high affinity of
a hard Lewis acid, aluminum(l1), with a hard Lewis base, such as fluoride, and given the
known large stability constants for Al(111)-fluoride complexes in aqueous solutions.31, 32
Furthermore, in a recent study, it was found that an aluminum(l11)-salen ionophore within thin
polymgr6ic films also exhibits irreversible binding towards fluoride ion in an organic polymeric
phase.

It has been reported in the literature that the binding and release kinetics of an ion with an
ionophore can be significantly improved by co-incorporation of pH—chromoionophores.42 For
example, a potentiometric lead selective membrane electrode based on lipophilic
dithiocarbamate ionophore is poisoned when exposed to aqueous sample solutions containing
mercury or silver ions, because of the irreversible binding of such ions to the dithiocarbamate
ionophore.43 Incorporation of a pH-chromoionophore in the membrane phase, in addition to
the same dithiocarbamate ionophore, led to fully reversible mercury and silver ion optical
sensing systems with a more rapid response time.43 This improvement in the binding and
release kinetics could be attributed to the facilitated release of the analyte metal ion from the
polymer phase into the aqueous sample solution phase via an exchange process with hydrogen
ion (i.e., hydrogen ion binding with the pH chromoionophore in the organic phase forces the
release of the metal ion into the aqueous sample solution to maintain charge neutrality within
the film). Hence the overall equilibrium constant for analyte ion extraction is also dictated by
the equilibrium constant for the simultaneous protonation of the pH chromoionophore. It is
also possible that inter-molecular forces (e.g., hydrogen bonding, n—r interaction, weak ligation
etc.) between the added pH-chromoionophore and the ionophore can weaken the ion-ionophore
binding, which in turn, leads to faster binding and release kinetics (see UV-VIS and 1H NMR
data below).

Therefore, to achieve a better reversibility of the AI[OEP] based fluoride optical sensing film,
a lipophilic pH-chromoionophore (ETH-7075) was incorporated in the polymer film at a 100
mol % (relative to the amount of AI[OEP]) (see membrane composition, Film-4, in Table 1).
The co-incorporation of the indicator provides new optical transduction wavelengths to monitor
fluoride levels. As shown in Figure 3A, addition of fluoride to the sample phase causes
protonation of the initially negatively charged ETH-7075 indicator, concomitant with the
selective fluoride extraction by the AI[OEP] species, yielding a decrease in the absorbance
band corresponding to the deprotonated form of the indicator (Amax = 529 nm) and an increase
in absorbance of the band corresponding to the protonated indicator (broad band centered at
475 nm). Further, as shown in Figure 3B, a remarkable improvement in the fluoride response
times, as measured in 50 mM glycine-phosphate, pH 3.00, are achieved compared to those
obtained using Film-3 (i.e., without the pH-chromoionophore but with 100 mol % of TFPB).
Indeed, tgqe, (times required to reach 90 % of the equilibrium response) response times of 2 —
7 min for low fluoride concentrations (< 22 pM) and less than 1 min for high concentrations
(>0.22 mM) are observed. A tggg, recovery time of 9 min is achieved when changing the sample
solution from one containing high fluoride ion concentration (19.8 mM) to a fluoride-free
buffer solution (see dashed line in Figure 3B). Measurements using 50 mM MES buffer, pH
5.5, resulted in similar response and recovery times (data not shown). Shorter recovery times,
are observed when working in a low fluoride-ion concentration range (i.e., ppm levels), the
range that would normally be used for determining fluoride in municipal drinking water
samples (see also Figure 3 in ref.25)
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Optical Response of AI[OEP]/ETH-7075 to Fluoride lon

To achieve greater absorbance changes in response to fluoride ion, the concentrations of the
ionophore and the chromoionophore can be increased in the sensing film. Figure 4 shows the
changes in the UV-VIS absorption spectrum of AI[OEP])/ETH-7075 based fluoride optical
sensing Film-6 (with 72 mmol/Kg of each component) for different fluoride ion concentrations
in the wavelength range of 360 — 650 nm. It should be noted that the absorption maximum of
AI[OEP] is typically 404 nm in films where only the porphyrin and TFPB are present (see
Figure 3, above). However, the Soret band is now observed at 410 nm in the presence of 100
mol % pH-chromoionophore in place of the TFPB. The observed spectral shift of the AI[OEP]
in the presence of the pH-chromoionophore suggests some inter-molecular interaction between
the two species (e.g., @ — 7 interaction, etc.). Further studies using 1H NMR spectroscopy
support the existence of such an interaction between the pH-chromoionophore (ETH-7075)
and AI[OEP]. The meso-protons of the porphyrin ring of AI[OEP] are shifted up-field when
ETH-7075 is added to deuterated chloroform solution of AI[OEP] (see Figure 2s in the
Supporting Information). It can be also seen in Figure 2s that the 1H NMR spectra of the pH-
chromoionophore changes significantly and all peaks are shifted up-field and broadened when
the chromoionophore is mixed with AI[OEP].

As can be seen in Figure 4, parallel to the change in the absorbance spectra of the pH-
chromoionophore in the wavelength range 450 — 600 nm, significant absorbance changes of
the Soret band also occur in the wavelength range 360-425 nm. At low fluoride ion
concentrations (<70 uM) there is a remarkable decrease in the absorbance of the Soret band of
the AI[OEP] monomer at 410 nm (see Figure 4 inset for a blow-up of the spectral change at
the Soret band). This decrease in the monomer band is accompanied by an increase in the
absorbance of a broad band in the wavelength range of 360 — 400 nm that is blue shifted relative
to the monomer peak. Similar to Film-3 (i.e., with TFPB added, but without the pH
chromoionophore) this absorption band could be assigned to a bis-fluoride bridged dimer as
discussed above for the spectral response of sensors based on Film-3. However, since the
coextraction of protons is now more favorable due to the presence of ETH-7075 in the
polymeric film, the concentrations of fluoride required to obtain significant optical response
are now much lower than in the case of using TFPB™ as the initial counter-ion to AI[OEP]* in
the film. At higher fluoride ion concentrations (> 70 uM), however, the absorbance of the
monomer band displays a slight increase with a Amax at 407 nm. This overall spectral behavior
points to the possible existence of multiple equlibria in which a bis-fluoride bridged porphyrin
dimer is initially formed upon increasing fluoride levels in the low concentration range, with
other species formed at higher concentrations. Attempts to fit the experimental data obtained
to response functions derived based on various modes of equilibria led to poor curve fittings
(data not shown). Interestingly, we found that the experimental data obtained for different film
compositions and measured at different pH-values or different buffer systems fit very well with
the general optode response function assuming a 1 F—:1 AI[OEP]: 1 [Ind™] stoichiometry and
an equimolar ratio of AI[OEP] to ETH-7075 in the membrane phase (see Figures 5A, B, C,
and D, as well as Figure 6B for Film-7 formulated with DOS). The theoretical curves in this
case can be calculated based on the following general anion-optode response function!3:
e L a- )
aH% aF, (l/2 2)

where (K ) corresponding to the overall coextraction constant, and a -value (the degree of
deprotonation) is the fraction of the total indicator present in the deprotonated form.13

Although it appears from the spectral data that the AI[OEP]-fluoride interaction is not as simple
asthat observed for other porphyrin systems, and possibly involves multiple equlibria including
the formation of a bis-fluoride bridged porphyrin dimer, the fluoride ion response of the optical
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sensitive films based on AI[OEP] does follow the classical optode response function for a 1:1
complex formation. This would be expected even if the neutral bis-fluoride bridged dimer is
the major product after extraction of fluoride ions.13 Confirmation of the exact structures of
the key species involved in AI[OEP]-fluoride interaction by spectroscopic methods (e.g.,
fluorine/aluminum NMR spectroscopy), and x-ray crystallography is currently underway in
this laboratory.

Optical Fluoride Selectivity

Figure 6A and the data in Table 2 illustrate that AI[OEP] based optical sensors exhibit an
extraordinarily high selectivity for fluoride ion over the most lipophilic anions such as
perchlorate, thiocyanate, and other environmentally relevant anions (e.g., chloride, nitrate, and
sulfate). The AI[OEP)/ETH-7075 based fluoride optical sensor yields far better selectivity than
previously reported Zr(1V) and Ga(lll) porphyrin based potentiometric sensors by 4 orders of
magnitude in the cases of perchlorate, thiocyanate, and nitrate (see Table 2). The comparison
between optical and potentiometric selectivity is acceptable because both selectivity terms
(K, K;ioPY) are based on the Nicolskii-Eisenman definition. 44

As mentioned previously, a relatively low fluoride ion concentration (<70 puM) results in a
large decrease in the absorbance at the Soret band at 410 nm even when the pH
chromoionophore is present in the sensing film (see data in Figure 4). Interestingly, these
changes were also found to be highly selective for fluoride with little or no optical responses
for most anions and minimal response toward perchlorate (see Figure 3s in the Supporting
Information). Calculation of the selectivity coefficients based on the absorbance changes of
the Soret band, however, requires a better understanding of the nature of the interaction of the
fluoride ion to the AIJOEP]. In contrast, monitoring absorbance changes of the pH indicator
that arises from the proton coextraction process provides a more useful and meaningful measure
of true anion selectivity coefficients for this system.

The selectivity of AI[OEP]/ETH-7075 based fluoride optical sensing film easily meets the

selectivity requirement for analysis of fluoride in municipal drinking water samples with 1 %
error limits (see data in Table 2). The required selectivity coefficients for analysis in municipal
drinking water |nd|cated in this table were calculated using a method similar to that reported
by Oesch et al.4 taklng into consideration the effect of the charge of primary and interfering
ions.46 The required selectivity values for the Worst case (i.e., lowest concentration of fluoride

and highest concentration of interferent ion), K, i ",), s caser Were determined according to the
eq. (3),

Opt _ Qi low (ﬁ):i/:j
i,jworst case” (aj.],,'g/,):'_"/:j 1700 (3)
where, aj; high is the maximum concomitant level (MCL of the interfering species as set by
the U.S. Environmental Protection Agency U S. EPA) aj |ow is the lowest level of fluoride
in municipal drinking water as set by EPA, pI is the maximal tolerated error (%) caused by
the interferent ion j4 (this was set to 1 %), and z;, zj are the charges of i and j, respectively.

Effect of Film Plasticizer

The effect of plasticizer type on the selectivity of the fluoride optical sensing films based on
AI[OEP]/ETH-7075 was also investigated. As shown in Figure 6B and Table 2, AI[OEP]/
ETH-7075 based fluoride optical films formulated with DOS (Film-7) exhibit inferior fluoride
ion selectivity compared to membranes formulated with o-NPOE. For both optical and
potentiometric ion sensors, the dependence of the selectivity on the nature of plasticizer is often
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reported in the literature. 48 Although there is no general rule or a mathematical model that can
predict the effect of given plasticizers on the response characteristics of the sensors, the
observed effects are likely due to a change in the relative binding constants of primary and
interferent ions with the metalloporphyrin due to the change in the dielectric constant of the
polymeric film. The effect of plasticizer is even more pronounced for carrier-based optical/
potentlometrlc sensors based on metalloporphyrins that involve formation of dimer species.

49 such dimer species have been observed to be more stable when formulating films with high
dielectric constant plasticizers. 50 AI[OEP]/ETH-7075 based optical films prepared with o-
NPOE also exhibit faster response, especially at low fluoride concentrations, when compared
to that obtained with optical films formulated with DOS as the plasticizer (see Figures 4s A &
B in the Supporting Information). It should be noted that the response and recovery times
obtained with Film-6, are longer than that obtained using Film-3. This is because optical films
cast using Film-6 cocktail are somewhat thicker due to increased levels of ionophore and
chromoionophore agents, and this is expected to yield a longer equilibration time with the
sample solution. In general, the response and recovery times obtained using AI[OEP]/
ETH-7075 optical films are somewhat slower than normally expected for optode films with
the same thickness (i.e., on the order of few seconds).13 This slow response and recovery could
be explained based on the strong interaction of fluoride to the aluminum metal ion center as
indicated by the high coextraction constant obtained (log K = 7.8 £ 0.2). Indeed, fluoride optical
response and recovery times obtained with a submicron thick film, Film-3, using a waveguide-
setup, modified after Toth et a. 1°1 resulted in response and recovery times similar to that
obtained with 1 — 2 um thick film (data not shown). This observation reveals that the response
and recovery times of AI[OEP] based optical sensors are limited by the binding and release
kinetics of fluoride with the AI(III) center of the OEP and not by the diffusional processes
within the polymeric film in case of very thin films (< 1-2 um). In general, fluoride sensitive
films based on AIJOEP]/ETH-7075 and prepared using 0-NPOE exhibit better fluoride
selectivity and response/recovery times compared to those prepared using DOS. Therefore,
optically sensitive fluoride films based on AI[OEP]/ETH-7075 and prepared using o-NPOE
were selected for analysis of fluoride in municipal drinking water.

Measurements of Fluoride in Drinking Water

As described above, the sensitivity of AI[OEP]/ETH-7075 based fluoride optical sensitive film
can be enhanced by increasing the amount of chromophores in the polymeric film phase. As
shown in Figure 7, compared to optical films formulated using 16 mmol/Kg AI[OEP]/
ETH-7075, the sensitivities (AA/AC) of films formulated with 24, 72 mmol/Kg of AI[OEP]/
ETH-7075 are improved by 3 and 13 fold, respectively. Therefore for fluoride analysis in
municipal drinking water was performed using films formulated with a 72 mmol/Kg of active
ingredients (Film-6).

The standard method for the analysis of fluoride ion in drinking water using the LaF3 electrode
requires the use of a strong chelating agents such as CDTA at pH 5.5 to eliminate any possible
interferences from metal ions (e.g., AI** and Fe3+) 2,93 This buffer, however, is not suitable
when employing the AIJOEP]/ETH7075 based fluoride optical sensing films due to the strong
pH interference originating from the pH cross-reactivity of the pH-chromoionophore based
optical sensors. Therefore, several buffer systems were examined for fluoride analysis using
the standard ISE method to adapt a buffer system that is efficient in masking of the interferent
metal ions and also has a low pH-value. The buffers examined included 100 mM p-alanine-
phosphate, 1 mM in CDTA, pH 3.6, (buffer-1); 200 mM glycine-phosphate,1 mM in CDTA,
pH 3.6 (buffer-2); 0.05 M glycine-phosphate, pH 3.00 (buffer-3); and 100 mM glycine-
phosphate, pH 3.00 (buffer-4). The fluoride recovery obtained in different buffers was
compared to that found using the TISAB buffer (i.e., total ionic strength ad]5 ustor buffer (acetate
buffer) containing CDTA at pH 5.5, which reflects full fluoride recovery ) Only buffer-1,
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and buffer-2 yielded a complete fluoride ion recovery (i.e., similar to that achieved using the
TISAB buffer). Buffer-1 was selected for the analysis of fluoride in municipal drinking water
using the AIJOEP]/ETH-7075 based fluoride optical sensing film. Water samples were diluted
with buffer and distilled water to yield different fluoride ion concentration levels in a final
buffer concentration of 100 mM B-alanine, pH 3.6, 1 mM CDTA. As shown in Table 3, data
obtained using the AI[OEP]/ETH-7075 fluoride optical sensor are comparable to those
obtained using the standard LaF3 ion-selective electrode.

CONCLUSIONS

More details regarding the chemistry and analytical response properties of a very promising
new fluoride selective optical sensor have been provided herein. The sensor is based on use of
an aluminum(l11)-octaethylporphyrin and a lipophilic pH indicator within an o-NPOE
plasticized-PVC film. Although films prepared with the porphyrin and lipophilic anion sites
in the form of borate derivatives also exhibit optical fluoride response, the response times and
reversibility of such a system are poor. The presence of the pH indicator enhances the kinetics
of fluoride response significantly. The optical fluoride ion selectivity of the optimized film
composition is substantially greater than any previously reported optical or electrochemical
fluoride sensors based on ionophores in polymer membranes/films. While demonstrated here
as a suitable transducer for determination of fluoride levels in water samples, it is likely that
this new optical fluoride sensor can readily be adapted for a wide range of other applications
in which simple detection of fluoride ions within samples is needed, or in coupled reactions
that liberate fluoride ion from given organic analytes (e.g., pesticides, nerve gases, etc.).
Further, itis likely that the same chemistry used here to create a useful optical fluoride selective
sensor can be adapted to the design of a new fluoride selective polymer membrane electrode.
Such efforts are currently ongoing in this laboratory.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Absorption spectra of AI[OEP] based optical Films 1, 2, and 3 measured in 50 mM glycine-
phosphate buffer, pH 3.00. Dashed line represents the optical spectra of Film-2 when exposed
to 10 mM fluoride ion concentration prepared in the same buffer.
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Absorption spectra of Film-3, measured in 50 mM glycine-phosphate buffer, pH 3.00,
equilibrated with different fluoride concentrations: 5.5 uM, 0.53, 5.0, and 48 mM (from top to
bottom at 404 nm). The inset shows the fluoride response time trace when changing the fluoride
concentration from 5.5 uM to 0.53 mM (A), 5.0 to 48 mM (B), and the recovery time when
changing the sample from 48 mM fluoride to buffer free from fluoride ions(C).
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[A] Absorption spectra of Film 4 measured in 50 mM glycine-phosphate buffer, pH 3.00, and
at varying fluoride ion concentrations: 0.2, 2, and 22 uM, and 0.22, 0.7, 2.1, and 5.5 mM. The
peak absorbance at 529 nm decreased monotonically with increasing fluoride concentration.
[B] Typical response time of AI[OEP]/ETH-7075 sensing Film-4, measured in 50 mM glycine-
phosphate buffer, pH 3.00, at different fluoride concentrations. Dashed line represents the
recovery time when changing the sample from 19.8 mM to fluoride-free buffer solution.
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Absorption spectra of Film-6 measured in 50 mM glycine-phosphate buffer, pH 3.00, and at
varying fluoride concentrations: 0.1, 1.0, 11, 31, and 71 uM, and 0.17, 0.36, 10.8 and 1.6 mM.
The inset is a blow-up of the spectral changes that occur in the Soret band region of the
spectrum.
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Optical response of the AI[OEP]/ETH-7075 based fluoride optical sensitive films as a function
of fluoride ion concentrations at different pH values and different membrane compositions.
The solid lines are the theoretical response curves based on eq. 2.

Anal Chem. Author manuscript; available in PMC 2008 September 22.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Badr and Meyerhoff

Page 18
[A] 2 [B]
0.9 4 -
0.6 4 -
3

0.3 4 -

T T T T T T T T T

-6 -3 0 3 6 -6 -3 0 3

|Og aAnion Iog aAnion
Fig. 6.

Optical response of Film-6, [A], and Film-7, [B], towards various anions as measured in 100
mM B-alanine-phosphate buffer, 1 mM CDTA, pH 3.6: (e) fluoride, (m) thiocyanate, (A)
perchlorate, (V) nitrate ~ nitrite, and (o) bromide ~ chloride ~ sulfates. Solid lines are the
theoretical response curves of the fluoride optical sensing film toward various anions calculated
using eq. 2. Absorbance values at 537 nm were employed to calculate o values
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Fig. 7.

Absorbance changes of AI[OEP]/ETH-7075 based fluoride optical sensitive films, at A3y Of
the deprotonated from of the pH chromoionophore, as a function of fluoride ion concentration
using different film compositions: Film-4 (e), Film-5 (m), and Film-6 (A)
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Table 1
Composition of Bulk-Optode Films Used in This Study.2

Plasticizer AI[OEP], umol/g ETH-7075, pmol/g KTFPB, pmol/g
Film-1 0-NPOE 16 - -
Film-2 0-NPOE 16 - 8
Film-3 0-NPOE 16 - 16
Film-4 0-NPOE 16 16 -
Film-5 0-NPOE 24 24 -
Film-6 0-NPOE 72 72 -
Film-7 DOS 72 72 -

aAII optical films were prepared using a 1:2 PVC to plasticizer mass ratio.
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Table 3
Determination of Fluoride in Drinking Water Samples Using AI[OEP])/ETH-7075 Based Fluoride Optical Sensitive

Page 22

AI[OEP]J/ETH-7075 LaF5-ISE
Sample ppm cv., % ppm cv., %2
1 0.73 2.5 0.70 0.42
2 0.51 21 0.54 0.42
3 0.46 3.2 0.47 0.64
4 0.36 2.9 0.39 0.75
5 0.12 3.1 0.16 0.75

a . - .
(c.v. is the coefficient of variance, n = 3)
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