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Abstract

Because of their low polarity and polarizability, fluorous sensing membranes are both
hydrophobic and lipophobic and exhibit very high ion selectivities. Here, we report on a new
fluorous-membrane ion-selective electrode (ISE) with a wide sensing range centered around
physiologically relevant pH values. The fluorophilic tris[perfluoro(octyl)butyl]amine
(N[(CH2)4R1s]3) was synthesized and tested as a new H" ionophore using a redesigned electrode
body that provides excellent mechanical sealing and much improved measurement reliability. In
a challenging 1 M KCI background, these fluorous-phase ISEs exhibit a sensing range from pH
2.2 to 11.2, which is one of the widest working ranges reported to date for ionophore-based H*
ISEs. High selectivities against common interfering ions such as K*, Na‘, and Ca** were
determined (selectivity coefficients: log K} = —11.6; log Ki, = —12.4; logKf{¢, < —10.2).
Use of the N[(CH2)4Rg]3 ionophore with its -(CHz)s- spacers separating the amino group from
the strongly electron-withdrawing perfluorooctyl groups improved the potentiometric selectivity
as compared to the less basic tris[perfluoro(octyl)propyl]amine ionophore. Use of N[(CH2)sR]3
also made the ISE less prone to counter anion failure (i.e., Donnan failure) at low pH than use of
tris[perfluoro(octyl)pentyl]amine with its longer -(CHz)s- spacers, which more effectively shield
the amino center from the perfluorooctyl groups. In addition, we exposed both conventional
plasticized PVC-phase pH ISEs and fluorous-phase pH ISEs to 10% serum for five days. Results

show that the PVC-phase ISEs lost selectivity while their fluorous-phase counterparts did not.



Ionophore-based ion-selective electrodes (ISEs) have been well-established analytical
tools for more than four decades and have applications in many fields, including clinical
diagnostics, environmental analysis, and industry process control.® Recent advancements have

focused on improving their detection limits,>* developing calibration-free ISEs,'>!7 making

18-20 and expanding sensing ranges.?!">? The latter are defined

them suitable for new applications,
by the difference between their upper and lower detection limits, which are determined by the
co-extraction of counter ions (also known as Donnan failure)?>28 and the interference from ions
other than the target ion,” respectively.

Our group previously reported the development of fluorous-phase ISEs, i.e., ISEs with
highly fluorinated sensing membrane matrixes that are both highly hydrophobic and highly

lipophobic. The extremely low polarity and polarizability of fluorous phases®®-3!

significantly
suppress the non-specific phase transfer of both counter-ions and interfering ions into such
sensing membranes, thereby expanding the upper and lower detection limits. The introduction of
a fluorophilic tetraphenylborate derivative enabled the very first fluorous-phase ion exchanger
electrodes.?! The use of fluorophilic ionophores subsequently permitted the development of
fluorous-phase ISEs for Ag", H', and COs*.'% 2832 Self-supporting fluorous membranes for ISEs
were demonstrated using the amorphous perfluoropolymer Teflon AF and semifluorinated

33-34

polymers, and the use of fluorous-phase ISEs was shown for biological and environmental

3538 and at high temperatures in highly corrosive solutions.'® With a view to the

samples
important role of pH in many physiological processes, we report here on a much improved
fluorous-membrane ISE for measurements of pH.

Because pH is defined as the negative logarithm of the activity of H" and not as the

logarithm of the H" concentration, ISEs have the intrinsic advantage that they measure the



activity of H" directly, which is difficult to do with other analytical techniques. However, the
conventional glass electrodes have some disadvantages. Glass is a fragile material with high
resistivity, which requires extra care when using glass electrodes and also limits uses of pH glass
electrodes as part of miniaturized and implantable devices.’ The use of pH glass electrodes in
biological samples is hindered by protein adsorption onto the pH sensitive glass bulb, requiring
frequent cleaning and maintenance,*” and glass electrodes are not compatible with acidic samples
that contain fluoride. To this end, H"-selective ISEs with polymeric sensing membranes have
been developed. A wide range of electrically neutral ionophores with functional groups that can
be protonated were successfully tested as H'-selective ionophores. Among them, the most

41-42 and pyridine®** derivatives.

successful ones are amine

Assuming the formation of 1:1 complexes between the ionophore and H', two criteria
were predicted to maximize the measuring range of such H'-selective ISEs:>? (1) The
incorporation of ionophores and ionic sites at a 2:1 ratio, and (2) the use of hydrophobic matrixes
with negligible cation binding properties. The latter criterion is met in an ideal manner by the
fluorous matrixes of two fluorous-phase pH ISEs with the fluorophilic pH ionophores 1 and 3
(see Fig. 1), as reported previously.?® While these two ISEs each covered a wide pH range, the
one based on the more weakly binding H" ionophore (1) was limited to the acidic pH range, and
the one based on the more strongly binding H* ionophore (3) was prone to Donnan failure.
Herein, we report on an improved fluorous-phase pH ISE that offers a wide working range
centered around pH 7. It is based on the new fluorophilic ionophore 2, which has -(CHz)s-
spacers of optimized length between the proton-binding amino center of the ionophore and the

perfluorooctyl groups that make this compound fluorophilic. We report here for the first time the

synthesis of ionophore 2 by a step-wise alkylation method starting with ammonia and fluorinated



alkyl iodide. In comparison, the reported synthesis of ionophore 3 is more time-consuming due
to the lack of commercially available starting materials.
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Figure 1. Structure formulas of the fluorophilic H" ionophores 1 to 3. Rfg = -(CF2);CFs.
We also describe in detail the redesign of an electrode body that provides significant
improvements in reliability and is suitable not only for fluorous membranes but also any other

stiff or fragile membrane material.

Experimental Section

Materials. All commercial reagents were of the highest purity available and used without
purification.  Perfluoroperhydrophenanthrene  (5) and  1-iodo-4-(perfluorooctyl)butane
(CF,(CFE,).(CH,).I) were purchased from SynQuest Lab (Alachua, FL) and Sigma Aldrich (St.
Louis, MO), respectively.  Sodium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate (4) was
synthesized according to a previously published procedure.?! EMD Millipore Fluoropore
Polytetrafluoroethylene (PTFE) membrane filters (pore size 0.45 pm, filter diameter 47 mm,
thickness 50 pm, 85% porosity) were purchased from Fisher Scientific (Hanover Park, IL). Viton
fluoroelastomer O-rings were obtained from McMaster-Carr (Chicago, IL). Autonorm freeze-
dried animal serum was purchased in powder form from Sero (Billingstad, Norway). High
molecular weight poly(vinyl chloride), 2-nitrophenyl octyl ether (o-NPOE), tridodecylamine, and

potassium tetrakis(4-chlorophenyl)borate were purchased from Sigma Aldrich (St. Louis, MO).



All aqueous solutions were prepared with deionized and charcoal-treated water (0.182 MQ cm

specific resistance) from a Milli-Q Plus reagent-grade water system (Millipore, Bedford, MA).

Rfg

Figure 2. Structure formulas of the fluorophilic ionic site (4) and the fluorous matrix (5) of the

fluorous-phase sensing membranes.

Synthesis of Ionophore N[(CH2)4Rss]3 (2). The synthesis of ionophore 2 was performed
using a modified literature procedure by stepwise alkylation of ammonia to a primary, secondary,
and finally tertiary amine. This synthesis method was reported previously* for the preparation of
other N[(CH2)nR¢]3 compounds but has been used here for the first time for the synthesis of 2. In
view of applications in catalysis, 2 was prepared previously by oxidation of R{CH2)4OH to the
aldehyde, reductive amination with benzylamine, and deprotection to give a secondary amine,
and finally a second reductive amination step to yield 2.% Based on our own experience with
both synthesis methods, the stepwise alkylation of ammonia with CF3(CF2)7(CH2)4l appears
preferable for the preparation of 2 because it poses fewer challenges with the purification of
intermediates.

CF3(CF2)7(CH2)4l (2.5 g) was dissolved in 3 ml tetrahydrofuran (THF) in a thick-walled
test tube, which was then sealed with a rubber septum and cooled to —78 °C in an
isopropanol/dry ice bath. Another thick-walled test tube was loaded with 3 mL THF, sealed with

a rubber septum, and cooled to —78 °C with an isopropanol/dry ice bath, followed by



condensation of approximately 2 mL liquid ammonia from an ammonia tank into the THF. Then,
the cooled liquid ammonia/THF solution was added into the cooled CF3(CF2)7(CH2)sl/THF
solution through a cannula. For safety, this tube was placed into a closed plastic bottle as a
secondary container. The reaction was stirred with a magnetic stir bar and allowed to warm
gradually to room temperature, where it was stirred for another 48 h. In the post-reaction work-
up, the solvent was removed, and the crude reaction mixture was re-dissolved in diethyl ether
and washed with 1 M Na;COs solution. After washing of the aqueous phase three times with
diethyl ether, the combined organic phases were dried over MgSOs4, and the solvent was removed.
The solid obtained thereby (1.4 g) was dissolved together with 2.0 g of CF3(CF2)7(CHz2)4l and 0.2
g of NapCOs3 in 3 mL THF and heated under reflux for 3 days. After cooling to room temperature,
the same post-reaction workup was repeated, giving 2.7 g of a solid. From this, 2.0 g were taken
and dissolved together with 0.41 g of CF3(CF2)7(CHz)4l in THF and heated under reflux for 3
days. After cooling and evaporation of the THF, diethyl ether was added to give a suspension,
which was filtered. The insoluble filtrate was washed three times with diethyl ether, and the four
organic phases were combined and washed with 1 M Na>COs solution. The resulting aqueous
phase was washed three times with diethyl ether, followed by combining of all organic phases
and washing with brine and drying over MgSOs. After removal of the drying agent by filtration,
the solvent was evaporated, and the product thus obtained was purified by column
chromatography on silica gel with dichloromethane as eluent. This yielded
N[CH2CH>CH>CH:Rg]3 (2) as a slightly yellow solid (460 mg, 23%). '"H NMR (CDCls, 8): 2.39
(t, 6H, N-CH>, *Jun = 5 Hz), 2.04-2.12 (m, 6H, CH>R), 1.48-1.63 (m, 12H, CH.CH,CH2R).
MS: [M-H] " = 1440.1. For 'H NMR and MS spectra, see Figs. S1 and S2 of the Supporting

Information.



Fluorous-Phase Electrode Preparation. Solutions containing 2 (2 mM) and 4 (0.5 mM)
in the fluorous matrix 5 were used for the fabrication of membranes for ionophore-based
electrodes. Solutions of 4 (0.35 mM) in 5 were used for ionophore-free ion exchanger electrodes.
In both cases, the solutions were stirred overnight with a magnetic stir bar at room temperature to
ensure complete dissolution. To prepare sensing membranes, circular inert porous supports with
a 19.1 mm diameter were cut from Fluoropore filters using a hole punch. Aliquots of 35 pL of
the fluorous solutions with 4 (and optionally 2) were added onto the inert porous circular
supports. This turned the initially solid white Teflon filter pieces transparent, showing that the
fluorous solution had diffused into the pores of the support. In typical measurements, one layer
of the Fluoropore support was used for each electrode. For measurements of
tetraphenylphosphonium  ion  (PPhs"),  tetrabutylammonium  ion  (NBus"), and
tetrapropylammonium ion (NPrs") selectivities, 3 or 4 layers were used instead. This prevents
these cations from diffusing through the fluorous sensing phase to the interface of the sensing
membrane and inner filling solution and affecting the phase boundary potential at that interface
within the time of the selectivity measurements. Filter disks impregnated with fluorous solution
were mounted between the inner tube and the outer tube of the electrode body. An aqueous
solution containing 10 mM K;HPO4, 10 mM KH>PO4, and 10 mM KCI (pH = 7.4) was used as
inner filling solution. Note that in typical real-life applications, the sensing membrane is rarely
challenged with solutions that result in a potentiometric response dominated by ions other than
H". For such applications, one layer of Teflon filter is sufficient. However, membranes with 3 or
4 layers of Teflon filters could be used routinely without any problems.

Electrode Bodies. In conventional ISEs with an inner filling solution, the sensing

membrane separates the inner filling solution from the sample. Unlike in the case of plasticized



PVC membranes mounted into the well-known Philips-type electrode bodies,*” sensing
membranes supported by a Fluoropore filter cannot be bent into a cone shape by the electrode
body, but instead the membrane must remain flat. In our previous design of electrode bodies for
fluorous membranes,*® the Fluoropore filter was sandwiched in between a screw cap and the
electrode body. Every so often, the rotating motion in the assembly of the electrode caused an
uneven seating of the sensing membrane and, consequently, leaking of the inner filling solutions
and sub-Nernstian EMF responses. To eliminate this problem, a new electrode body was
designed with an inner and an outer tube as well as a separate screw cap (Figure 3; see Figs. S3—
S8 of the Supporting Information for further details).

With this new design, the sensing membrane is mounted in between the inner and outer
tubes of the electrode body. The inner tube has two lugs that fit into the locking slots of the outer
tube, preventing the inner tube from rotating with respect to the outer tube. Therefore, when the
cap is screwed onto the outer tube, it exerts pressure onto the inner tube and presses it tightly
against the membrane without exertion of rotating forces on the two flat O-rings and the
membrane, thus providing a smooth and even seal. Note that the beveled shape of the outer tube
adjacent to the sensing membrane prevents air bubbles from getting trapped at the edge of the
membrane.

Measurements with the new electrode bodies showed much improved reliability. This
design is based on simple engineering principles, can be easily reproduced in any machine shop,
and may be readily adopted by other researchers. It is advantageous over gluing of PVC
membranes onto Tygon or PVC tubing because insufficient or uneven application of THF (or a
solution of PVC in THF) can lead to formation of leaks. Our design is also advantageous over

the use of Philips electrode bodies*” because, upon electrode assembly, it allows the sensing



membrane to keep its initial flat shape. In contrast, Philips electrode bodies force the sensing
membrane into a cone shape, which can result in the formation of tears or wrinkles. While
specifically developed by us for use with fluorous and other polymeric sensing membranes, we
recently also used electrode bodies of this new design to hold rigid nanoporous glass frits,*
which would have not been possible with Philips-type electrode bodies. This demonstrates the
applicability of this new type of electrode body for a wider range of stiff or fragile membrane

materials.
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Figure 3. Design of an electrode body that avoids exertion of twisting forces on the sensing

membrane during electrode assembly.
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Preparation of ISEs with plasticized PVC membranes. Solutions to prepare PVC-
phase pH membranes were prepared by slowly adding 66 mg PVC into a stirred solution of 132
mg o-NPOE in 1.0 mL THF, followed by addition of 13 mmol/kg potassium tetrakis(4-
chlorophenyl)borate, and either 52 or 26 mmol/kg tridodecylamine to give an ionophore-to-ionic
site ratio of 4:1 or 2:1, respectively (mmol/kg values refer to final concentration in the ISE
membrane). Aliquots of these solutions were cast into a glass petri dish of 25 mm diameter, and
the solvent was allowed to evaporate over 24 h, giving master membranes of 200 pm thickness.
Smaller circular disks of 7 mm were cut from master membranes and glued onto a Tygon tube
using THF.

Potentiometric Measurements. Measurements were performed in stirred solutions with
a 16-channel potentiometer (Lawson Labs, Malvern, PA) and a double junction free-flowing
free-diffusion reference electrode (DX200, Mettler Toledo, Switzerland; Ag/AgCl as internal
reference, AgCl-saturated 3 M KCl as inner solution, and 1M LiOAc as bridge electrolyte). The
pH of sample solutions was changed stepwise by adding small aliquots of concentrated KOH or
HCI solutions. A half-cell pH glass electrode (InLab 201, Mettler Toledo, Columbus, OH;
calibrated with standard NIST pH buffers of pH 4.0, 7.0, 10.0, and 12.0) was used to monitor
separately the pH. Selectivity coefficients were determined for K*, Na*, and Ca®" with the fixed
interference method (FIM) and for NPrs" with respect to NBus* and for NBus* with respect to
PPhs* with the separate solution method (SSM; see the Supporting Information for further
details).?”-2° Nernstian slopes were confirmed in all cases. All response times in the Nernstian
response region were fast (<5 s). Activities were calculated with a two-parameter Debye—Hiickel

approximation.>®
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Conductivity Measurements. The conductivities of membranes at five different
concentrations of ionophore and ionic site were measured using the known shunt method.?!-43-31-
52 An ionophore to ionic site ratio of 4:1 was used for all five concentration levels. The inner
filling and measuring solutions contained 10 mM K>;HPO4, 10 mM KH>PO4, and 10 KCI mM
(pH = 7.4). Conductivity values were calculated based on an estimated cell constant of 0.00924

cml.

Results and Discussion

Response Range of ISEs with the New Ionophore

Calibration curves of fluorous-phase ISEs with the new ionophore were obtained with a
constant background consisting of 970 mM KCI and 20 mM phosphate buffer (initially at pH 7.4)
by addition of KOH or HCI aliquots. A typical calibration curve in the range between pH 0 and
14 is shown in Figure 4. As can be seen, even in an electrolyte solution with such a high
concentration of an interfering cation with a relatively low hydration energy as K*, the new
ionophore 2 has a wide working range from pH = 2.2 to pH = 11.2, centered near pH 7 and with
a slope of 54.7 = 0.7 mV/decade (n = 3). This fits the need for a single sensor that is capable of

measuring a range of biological samples.
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Figure 4. Working range of pH ISEs based on ionophore 2: EMF measurements were started at
pH 7.4 (970 mM KCl, 10 mM KoHPOy4, and 10 mM KH>POj4 solution). The pH was increased by
adding small aliquots of 10 M KOH solution. Subsequently, starting again at pH 7.4, the pH was
decreased by adding aliquots of 1 M HCI solution. Shown are only error bars (n=3); symbols for
emf averages are not shown to avoid overlap of the very narrow error ranges with such symbols.
The 1.0 M total K* ion background was selected to match the testing conditions of ionophore 3
as reported in ref. 28 and, thereby, make results directly comparable. The accuracy of the pH
was estimated by division of the root mean square deviation (RMSD) from a linear regression by
the response slope, giving 0.036 for the range from pH 4.2 to pH 11.0 and 0.0056 for the range

pH 6.1 to pH 8.0.
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Fluorous-phase ISEs with either one of the structurally closely related fluorophilic
trialkylamines 1 or 3 as ionophore were reported previously.?® The three CgFi7 chains that all
these ionophores share, also referred to as “fluorophilic ponytails,” are necessary to make these
ionophores sufficiently soluble in fluorous phases. However, ionophores 1 and 3 differ in the
number of -CHz- groups that separate the nitrogen center from the highly electron withdrawing
fluorophilic ponytails. As shown previously in a potentiometric study that included among other
compounds 1 and 3 but not 2,8 the longer the -(CH>)n- spacers are, the better they shield the
nitrogen atom from the electron withdrawing effect of the perfluoroalkyl groups, therefore, and
the more basic the ionophores are. Variation of the -(CH2)a- spacer is an efficient way to adjust
the pK. value and, thereby, the selectivity of the ionophore. Gas phase ionization data illustrate
this effect. While corresponding data for N[(CH:2)nRg]3 compounds are not available, the
experimental ionization potentials for P[(CH2).Rz]3 decrease stepwise by 0.37, 0.26, and 0.1 eV
going from n = 2 to 3, 4, and 5, respectively.>® Also, calculated gas phase proton affinities for
NH»[(CH2).CF2CF3] were reported to increase stepwise from n =2 to 3, 4, and 5 by 4.4, 2.0, and
1.7 kcal/mol, respectively.*> These data suggest that the pK, of 2 similarly lies between the pK,
values of 1 and 3 but is closer to the pK, of 3 than to the pKa of 1.

This is important because the upper and lower detection limits of an ionophore-based pH
ISE both depend on the basicity of the ionophore (i.e., the pKa of ionophore-H" complex). The
upper detection limit also depends on the activities and lipophilicities of the counter ions in the
sample, and the lower detection limit is also affected by the activities and lipophilicities of
interfering ions. However, in the determination of the overall width of the working range, as
defined by the difference between the upper and lower detection limits and referred to here as

ApH, the K, terms have been reported to cancel one another.?? Bakker et al., who proposed this
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model, experimentally confirmed its validity for ISEs with plasticized PVC membranes.??
Importantly, according to this model, the working range is not expected to depend on the pK, of
the ionophore. When switching between ionophores differing in pKa, both the upper and lower
detection limits are expected to shift in the same pH direction, and the overall width of the
working range remains unchanged.

In contradiction to these expectations, the working ranges of ISEs based on the
fluorophilic ionophores 1 and 3 were reported to be 5 pH units (pH 1.5 to 6.5) and 8 pH units
(pH 5.0 to 13.0), respectively.?® In both cases, the ionophore to ionic site ratio was 2:1, and the
working ranges were determined in the same background, i.e., 1 M KCl with a low concentration
of tris(hydroxymethyl)aminomethane as pH buffer to facilitate measurements in the neutral pH
range. Since the lower detection limit (at high pH) is determined for both ionophores by the H"
vs K* selectivity, as apparent by the emf leveling off with the 1 M KCI background, the
difference in the working ranges of these two ionophores comes from the upper detection limit
(that is, low pH). At the upper detection limit, in contrast to a leveling off of the emf response as

it is typically expected for the onset of Donnan failure,>-2

super-Nernstian responses were
observed. The reason for the super-Nernstian response is not known but may be related to
formation of H*—ionophore complexes with stoichiometries other than 1:1 as Donnan failure sets
in. Note that a similar small super-Nernstian response was also observed for ionophore 2, but
only below pH 2 (see Figure 4).

For this reason, an ionophore to ionic site ratio of 4:1 was used in this work, ensuring that

the formation of complexes of higher stoichiometry would not result in a very low concentration

of free ionophore in the bulk of the sensing membrane. In addition, in an attempt to minimize
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interference from buffer ion interference at low pH, the highly hydrophilic phosphate was used
for the pH buffer rather than the tris(hydroxymethyl)aminomethane used previously.

As Figure 4 shows, the linear response range of the ISE with this new ionophore (pH 2.2
to 11.2) meets the need for a working range centered around pH 7, as desired for most biological
samples. It resolves the shortcomings in both of the two previously reported fluorophilic
ionophores 1 and 3. ISEs based on the ionophore 1 evidently fail in the neutral pH region, where
most of biological samples fall into, such as blood (pH 7.3-7.4), urine (pH 5.0-8.0) and saliva
(pH = 6.4-7.0).>* ISEs based on ionophore 3 cover a wide pH range from neutral to basic pH but
depending on the type of counter ions in the sample are more likely to fail in even moderately

acidic solutions. These drawbacks are overcome by the new fluorophilic H* ionophore 2.

Potentiometric Selectivity

The selectivities of many ionophore-based H* selective electrodes have been reported in
the literature, most commonly with respect to K*, Na*, and Ca?" because of the relevance of these
ions for clinical tests. Because sample solutions that contain no H" cannot be prepared,
selectivity coefficients for H" selective ISEs are usually determined with the fixed interfering
method.?”-?° Figure 5 shows for ISEs with 2 as ionophore the pH calibration curves measured in
a constant background of K*, Na’, or Ca?". Corresponding selectivity coefficients are listed in
Table 1, along with selectivities for ISEs based on ionophores 1 and 3.28

As the table and figure show, the new fluorous-phase pH electrode has a high selectivity

with respect to all three interfering ions. Even in presence of 1 M K" and Na”, the electrode starts
to respond to interfering ions only at pH =12 (logl{g,ol(t = —11.6, logKgf)l\Ita = —12.4). Because

in the sequence of ionophores 1, 2, and 3 the length of the spacers separating the perfluoroalkyl
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groups from the nitrogen center increases from -(CHz)3- to -(CHz)s- and -(CHb»)s-, the stability of
the H" complexes and the selectivities of the corresponding ISEs are expected to increase
steadily from 1 to 3. This expectation is confirmed by the selectivities for H" with respect to both
Na" and K* (see Table 1). Note that Ca?" precipitation prevented the observation of Ca?*
interference for ISEs based on ionophore 2. The electrodes responded perfectly linear all the way
to pH 12.2, which permits only specification of an upper limit of the selectivity coefficient
(i.e., log Kz, < —10.2).

Table 1. Selectivities and Working Ranges of ISEs based on Ionophores 1, 2, and 3.

Ionophore
1¢ 2t 3¢
log Kk 7.9 -11.6 <-12.8
log K Na 9.3 -12.4 <-13.8
log K} ¢y -6.7 <-102  <-10.8
Working Range 1.5-6.5 22-11.2 5.0-13.0
pKa 9.8 15.8 15.4

@ See reference 28. ° This work. Experimentally observed standard deviations: 0.1 in log Kgf)](t

and log K{\,; 0.01 inlog K¢, (n=3).
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Figure 5. EMF response to pH with a constant metal ion concentration, demonstrating the high
selectivity of ISEs based on ionophore 2 for H" with respect to K*, Na®, and Ca?". Selectivities
with respect to K" and Na“® were measured in a constant 1 M K" and 1 M Na" background,
respectively (K" or Na* salts of 10 mM HPO4*, 10 mM H,POy4, and 970 mM CI°). The pH was
gradually increased by addition of 10 M KOH or NaOH aliquots. The response to Ca?" was
measured with a constant 10 mM Ca?" background; measurements were started with 10 mM

Ca(OH):, and the pH was gradually decreased by adding aliquots of a solution that contained 3
M HCI and 10 mM CaCl..

Basicity of Fluorophilic H* Ionophores
As the basicity of an ionophore dictates to a large extent the selectivity and working

range of ionophore-based pH ISEs, it was of interest to determine the effect of the -(CH>)s-
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spacers on the pK, value of the new fluorophilic pH ionophore 2. Two common methods to
determine the stability of the complexes between ionophores and ions (and, in the case of a H*
ionophore, the pK. of the ionophore-H" complex) are the so-called “sandwich membrane
method™>7 and the spectrophotometric method.”® Neither of them is suitable for the fluorous
ISE membranes of this work. The former method is not applicable to ISEs with a non-polymeric
sensing phase because it requires membranes in which ions diffuse only slowly, and the latter
method requires a fluorophilic chromoionophore, which is not currently available. Therefore, the
pKa value of the fluorophilic ionophore 2 was determined here by measurements of the
selectivity with respect to an ion that was assumed not to bind to the ionophore.>*-%! Specifically,

using this approach, the selectivity coefficient of an ionophore-doped membrane for a non-

ot

coordinating ion (J©) with respect to the primary ion (H"), log Kg,]

(L), is compared to the

corresponding selectivity coefficient of an ionophore-free ion-exchanger

ot

membrane, log Kg ]

(IE). (For a definition of ionophore-free ion-exchanger membranes, see ref.

8, p 1595.) By insertion of these selectivity coefficients, the total ionophore concentration, L,
and the total ionic site concentration, Ry, into eq 1, the apparent complex conformation constant

between the ionophore and the primary ion, Sy;, can be calculated.

o log K§ (L) -log K} (IE)

~ KRUE) [Ly—Rr]log K5 (L)+Rr log KB (IE)

p
Kh

%) (M

In view of the exceptionally low polarity and polarizability of fluorous phases, the selectivity
coefficients needed to be corrected for ion pair formation, though. The difference between the
free H" concentration in the ionophore-doped and ionophore-free membranes is not only caused
by the ionophore. There is also a different extent of ion pair formation in the two types of

membranes. Specifically, ion pair bonding between the ionic sites and the rather large
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ionophore—H" complex is expected to be weaker than ion pair bonding between the ionic sites
and H*, even if the latter is partially hydrated. Ton pair formation constants can be obtained from
the conductivity of membranes that contain the ionic site and either H' or ionophore-H"*

complexes at different concentrations. Fitting the experimentally determined conductivities with

the Fuoss—Kraus equation (eq 2) affords the ion pair formation constant.®?
AP 2AP Y/ 2k, @)
2k /? J e

A and c are the conductivity and salt concentration, respectively, A3 is the limiting molar
conductivity of the undissolved salt, and K, and K; are the formation constants of the ion pairs
and triple ions, respectively. For example, the logarithm of the ion pair formation constant

between the ionic site and the complex of ionophore 2 and H', log K, g+, was thus determined

to be 12.8 + 0.1. Subsequently, selectivity coefficients corrected for ion pairing using eq 3 were

inserted into eq 1 to afford pKa values of ionophore—H" complexes corrected for ion pairing

0B G (1) = og K (L) — (10g Ky — 108 Kip ) ®

Stabilities of ion pairs between the ionic site and non-coordinating ions J, Kjj ;, and selectivity
coefficients of ionophore-free ion-exchanger membranes were adopted from ref. 21. K* was
assumed to be a non-coordinating ion. Selectively coefficients for K* with respect to H" were
directly measured with the fixed interference method.

Correction for ion pair formation gave the pK. value for ionophore 2 as 15.8 + 1.2, which
is substantially larger than the previously reported pKa. of 9.8 for ionophore 1 and, therefore, is
consistent with the ability of the longer -(CH2)4- spacer of 2 to shield the amino center from
electronwithdrawing perfluorooctyl groups. However, we were surprised that the pK. value
determined here for ionophore 2 is slightly higher than the previously reported value for

ionophore 3. We suspect that this discrepancy comes from an artifact in the conductivity
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measurements reported in ref. 28, which resulted in an underestimation of the previously
reported pK, of 3. The conductivity measurements used to determine the pK. of ionophores 3
were made at pH = 3 with an ionophore to ionic site ratio of 2:1. This is not an ideal pH for
ionophore 3, since ISEs based on this ionophore exhibit a super-Nernstian response at this pH.
This adds uncertainty to the ion pair formation constant and, consequently, the determination of
the pKa value. The formation of H'—ionophore complexes of 2:1 stoichiometry and ion

63-64

aggregates larger than triple ions®** may also affect the accuracy of pKa values of ionophores in

ISE membranes.

Improved Resistance of Fluorous-Phase Ion-Selective Electrodes to Biofouling

The uniqueness of fluorous-phase ISEs comes from the extremely non-polar nature of
their membrane matrixes.’**! Fluorous matrixes are both hydrophobic and lipophobic, which
minimizes the solvation of interfering species, and in particular of lipophilic species from
biological samples. To demonstrate the potential of fluorous membranes to resist biofouling,
three types of electrodes were calibrated in aqueous buffer solutions from pH 7 to pH 14, namely,
fluorous-phase pH electrodes with an ionophore-to-ionic-site ratio of 4 to 1 as well as pH
electrodes with a plasticized PVC membranes doped with ionophore-to-ionic-site ratios of 4 to 1
and 2 to 1. Then all three types of electrodes were stored in 10% serum solutions for five days
(120 h) before they were calibrated again in the same fashion in aqueous solutions. All three
types of electrodes were calibrated, stored, and calibrated again at the same time and in the same
container to ensure the rigor of this comparison. The calibration plots of the fluorous-phase pH
electrodes with the 4 to 1 ionophore-to-ionic-site ratio and the PVC-phase pH electrodes with the

2 to 1 ionophore-to-ionic-site ratio, each before and after serum exposure, are shown in Figure 6.
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Fluorous-phase pH electrodes maintained their good H' selectivity against K' after
exposure to 10% serum (selectivity coefficients log Kg(;(t as determined before and after serum

exposure were -11.3 + 0.4 and -11.4 £ 1.0, respectively; n = 3). In contrast, the selectivity of the
PVC-phase pH electrodes with the 4 to 1 ionophore-to-ionic-site ratio worsened slightly from -
11.6 £ 0.1 to -11.3 £ 0.1 (n = 3), and the selectivity of PVC-phase pH electrodes with the 2 to 1
ionophore-to-ionic-site ratio suffered an even larger loss of selectivity by 0.56 logarithmic units
(from -11.1 £ 0.1 to -10.6 = 0.1; n = 4). This finding is consistent with an improved resistance to
biofouling of fluorous-phase pH ISEs.

On a side note, we would also like to point out the slightly higher selectivity of the PVC-
phase pH electrodes with the 4 to 1 ionophore-to-ionic-site ratio as compared to electrodes with
the same membrane matrix but a 2:1 ionophore-to-ionic-site ratio. The ISE literature has
typically assumed 1:1 complex formation between H' and trialkylamine ionophores. We first
started to suspect that trialkylamine ionophore may also form 2:1 complexes when we worked
with fluorous ionophore-doped membranes and noted the superior performance of membranes
with the 4 to 1 ionophore-to-ionic-site ratio.!® Note that when (i) an ISE membrane contains
ionophore and ionic sites in a 2:1 ratio and (ii) the ionophore forms a very stable 2:1 complex
with the H*, the membrane, the concentration of free ionophore in this membrane is very low,
resulting in reduced potentiometric selectivity. The data presented suggest that this effect is
indeed occurring in PVC-phase ISEs, providing for a not insignificant improvement in selectivity
for the membranes with the 4:1 ionophore-to-ionic-site ratio. It is conceivable that this same
effect may also apply to H" ionophores other than trialkylamines, many of which may also form

not only 1:1 but also 2:1 complexes with H*.
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Figure 6. Calibration of fluorous-phase pH electrodes with the 4 to 1 ionophore-to-ionic-site

ratio and PVC-phase pH electrodes with the 2 to 1 ionophore-to-ionic site ratio, each before and
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after serum exposure. EMF measurements were started at pH 7.4 (970 mM KCl, 10 mM K>;HPOs,
and 10 mM KH>POs solution). The pH was increased by adding small aliquots of 10 M KOH
solution. The pH accuracies (RMSD/slope) as calculated from the root mean square deviation
(RMSD) of the linear regression before and after serum exposure are 0.03 and 0.03, respectively,
for the fluorous-phase ISEs (top panel) and 0.021 and 0.026, respectively, for the PVC

membrane ISEs with the 2 to 1 ionophore-to-ionic-site ratio (bottom panel).

Conclusions

In previous work, the unique low polarity of fluorous sensing membranes allowed the
preparation of H" selective ISEs based on ionophore 3 with an extremely high selectivity.
However, their detection limit at low pH was compromised by too high an affinity of the
ionophore for H'. In contrast, ISEs based on ionophore 1 exhibited lower selectivities due to a
too low H' affinity. In this work, we optimized the affinity of the ionophore for H" and
demonstrated that ISEs with the new fluorophilic ionophore 2 have a wide working range
centered around the physiologically important pH 7. Measurements in biological samples
demonstrated the improved ability of these fluorous-phase ISEs to maintain a high selectivity
after exposure to 10% serum for 5 days. We also found evidence that a 2:1 ionophore-to-ionic-
site ratio is too low for the optimum use of trialkylamine ionophores for H, but further study
will be needed to establish how matrix-dependent this effect is, and whether this is also true for

other H" ionophores.
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