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ABSTRACT: Four Lewis acidic organo-antimony(V) compounds with strong binding affinity to fluoride were used for the first
time as ionophores to fabricate polymeric membrane fluoride-selective electrodes. Improved detection limits and significant anti-
Hofmeister selectivity could be achieved by optimizing ionophores, lipophilic additives, and plasticizers. Membrane electrodes
fabricated with tetrakis-(pentafluorophenyl)stibonium (ionophore 2) performed best in detection limit, sensitivity, and selectivity.
Optimal performance was obtained by fluoride with a slope of —59.5 mV/decade in the linear range of 1 X 10> to 4 X 107> M and a
detection limit of 5 X 107 M. Studies on the influence of sample solution pH demonstrate that the best pH for fluoride
determination is pH 3.0. All of the electrodes studied respond rapidly (in 1 min) in different concentrations of fluoride solutions.
The anion—ionophore complex constants in the membrane phase determined using the segmented sandwich membrane method
correlate well with the solution-phase binding data and determined selectivity sequence of the ion-selective electrodes. The
possibility of real life application of the optimized electrodes was assessed by determination of fluoride concentrations in tap water.

KEYWORDS: polymeric membrane electrode, fluoride, organo-antimony, ionophore, potentiometric

P olymeric membrane ion-selective electrodes (ISEs) doped
with ionophores to prompt the phase transfer of target
ions have witnessed exponential growth in recent years owing
to their routine utility in environmental, industrial, and clinical
fields.' > Actually, the performance of ISEs is largely
dependent on the synthetic ionophores that demonstrate
selective binding with target ions and enhanced compatibility
with the membrane medium.*"® While the design of cation-
selective ionophores has experienced significant progress in
previous decades, development of highly selective anion
ionophores remains a formidable challenge, mainly due to
the broader geometrical diversity of anions, larger sizes with
relatively low charge densities, and often their inherently
strong hydration.””” Because of their important roles in
biological, industrial, and environmental processes, an ability to
selectively detect anions is of paramount interest for many
applications. Among these anions, fluoride has received much
attention considering both their beneficial effects in dental
health and adverse effects when excessive intake occurs. The
lowering of the recommended fluoride levels from 1.2 to 0.7
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ppm by the U.S. Department of Health and Human Services
resulted in a renewed interest in developing sensors for
aqueous fluoride detection."’

Due to its small size, fluoride exhibits highly negative
hydration energy, arising from the formation of hydrogen
bonds with as many as seven water molecules.'""'*> Owing to
the stability of this solvation shell, fluoride tends to be one of
the most difficult ions to be captured in aqueous media.'' ™"
The most popular potentiometric sensor for fluoride
determination is a crystalline electrode based on the LaF;/
EuF, membrane.'*"® The performance of these electrodes is

satisfying; however, it is difficult to miniaturize. Various types
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of functional groups or interactions have been utilized in
designing anion-selective ionophores, such as Lewis acidic
metal atoms and hydrogen bonding.'*™"® The latter one can be
used with anions that possess relatively high charge densities,
such as fluoride, which can form hydrogen bonds even with
CH donors polarized with highly withdrawing CF, groups,
leading to the serendipitous discovery of a hydrogen bonding-
based macrocyclic fluoride ionophore.'®™'® By anchoring
Lewis acidic metal atoms (e.g, Sn(1v),"” zr(1v),'"" Al-
(I11),”°7*° Ge(IV),"* Cd(II),* and so on) in the cavity of a
macromolecule such as metalloporphyrins and metallophtha-
locyanines, another kind of most successful fluoride
ionophores can be constructed, the selectivity of which is
mainly manipulated by the selective binding of fluoride with a
central metal. It has been reported that Zr(IV)-based
ionophores can operate in membranes via either a charged
or/and neutral carrier mechanism, and membranes formulated
with AI(III) octaethylporphyrin display high selectivity.'"*° It
should be mentioned that, however, problems such as non-
Nernstian and sluggish response are often observed for the
electrodes formulated with some metalloporphyrins iono-
phores, and development of fluoride-selective ionophores is
an ongoing challenge.

Along with the line using Lewis acids as anion ionophores
and the recent advances of organo-group 15 Lewis acids in
various areas of chemistry, several kinds of Lewis acidic
organo-antimony(V) compounds have been reported to bind
fluoride with high affinity and selectivity in the solution phase,
so it is very interesting to see whether these compounds could
be used as potential fluoride-selective ionophores to fabricate
corresponding electrodes.”” ~** Here, we introduced four Lewis
acidic organo-antimony(V) compounds as new ionophores
incorporated into fluoride-selective polymeric membrane
electrodes. The performance of the ionophores was fully
evaluated; after optimization of the membrane compositions
such as the concentrations of ionophores, plasticizers, and
lipophilic additives, enhanced detection limits and excellent
selectivity can be obtained. The selectivity coefficients were
determined and compared to the binding constants calculated
from the segmented sandwich membrane method for the
corresponding ionophore-fluoride complexes in the membrane.
Moreover, ISEs with optimal performance offer a simple
alternative for fluoride sensing in real world situations.

B EXPERIMENTAL SECTION

Reagents. The organo-antimony(V) compounds 1—4 were
supplied by Qin%dao Zhongke Chemicals (prepared as described in
the literature).'>'>**** 1t should be noticed that compound 1 and 2
were obtained as its [Ph,Sb]Br and [Ph,Sb]OTT slats, respectively.
High molecular weight poly(vinyl chloride) (PVC), 2-nitrophenyl
octyl ether (o-NPOE), bis(2-ethylhexyl) sebacate (DOS), potassium
tetrakis[3,5-bis(trifluoro-methyl)phenyl]borate (KTFPB), and trido-
decylmethylammonium chloride (TDMACI) were purchased from
Sigma. Glycine (Gly) and 4-morpholinoethanesulfonic acid (MES)
were purchased from Fluka. Other reagents were purchased from
Sinopharm Group Co., Ltd. All chemicals were of selectophore or
analytical reagent grade. Aqueous solutions were prepared with freshly
deionized water (18.2 MQ cm specific resistance) obtained with a Pall
Cascada laboratory water system.

Membranes and Electrode Preparation. Polymeric membrane
electrodes were prepared by using a solvent-casting technique
according to the established procedures reported elsewhere.® Briefly,
1.0 wt % organo-antimony(V) compounds 1—4, TDMACI or KTFPB
(mol % relative to the ionophore), and either NPOE or DOS
plasticizers (66.0 wt %) as well as PVC (33.0 wt %) were dissolved in

3466

THE to prepare membrane cocktails. After transferring the membrane
cocktail to a glass ring fixed on a glass plate and evaporation of the
tetrahydrofuran overnight, a uniform polymeric liquid membrane (ca.
200 pm in thickness) was obtained. Subsequently, the as-formed
membrane was cut into small disks of 7 mm diameter using a cork
borer to install onto Philips IS-561 electrode bodies. A solution of
Gly/H;PO, (200 mM, pH = 3.0) buffer with the addition of NaF (1
mM) was used as the internal filling solution. It should be noticed that
a majority of fluoride is present in its protonated form at pH 3. Due to
its special skin penetrating and bone dissolving properties, special
attention is necessary. Membranes (both of the two sides) were
conditioned in the internal filling solution overnight before evaluating
the potentiometric performance.

To prepare the sandwich membranes, two plasticized PVC
membranes with or without ionophores (the first one is based on
ion exchangers (1.0 wt %) only, and the second one contains the
given ionophore (1.0 wt %) and TDMACI or KTFPB (50.0 mol %
relative to the ionophore)) were conditioned separately for two days
in 1 X 107> M solution of specific anions prepared with Gly/H,PO,
(200 mM, pH = 3.0) buffer. After drying with filter paper, the
sandwich membrane was then assembled by attaching the membrane
with an ionophore to the ionophore-free membrane. The sandwich
membrane was then mounted immediately in the electrode body.

Potentiometric Measurements. Potentiometric measurements
were carried out using the CHI 660C electrochemical station
(Shanghai Chenhua Apparatus) at 22.0 °C with Ag/AgCl (3 M
KCI) as the reference electrode in the galvanic cell: Ag/AgClI3.0 M
KCIll1.0 M CH;COOLillsample solutionlISE membranelinner filling
solution|Ag/AgCl. The selectivity coefficients were detected by the
separate solution method (SSM), and complex formation constants
were determined by the method described by Bakker.*® The
selectivity coefficients were calculated using the potential values at
high concentrations of anions assuming theoretical slopes. The
proposed electrode was used for determination of fluoride
concentrations in tap water adjusted to pH 3.0 using 200 mM Gly/
H;PO, buffer. All the experimental values were obtained with three
replications.

B RESULTS AND DISCUSSION

Along with the line using Lewis acids as anion ionophores and
the recent advances of organo-group 15 Lewis acids in
supramolecular chemistry, we questioned whether fluoride-
selective polymeric membrane electrodes using pnictonium
ions ([RPn]*, Pn = pnictogen) as ionophores could be
envisaged.”’ = Actually, pnictonium ions such as [R,P]" bind
fluoride in strictly anhydrous and nonpolar media, and it has
been reported that [Ph,Sb]* (1 in Scheme 1) displayed high
fluoride affinity in biphasic CCl,/H,O mixtures.’’ > Further
investigation of the fluoride binding process with 1 in
acetonitrile showed a binding constant greater than 10° M
and a change of the coordination geometry of antimony from
tetrahedral in 1 to trigonal-bipyramidal in 1-F~.'%%’
Encouraged by previous results, a highly acidic and air stable
[Sb(C¢Fs),]" (2 in Scheme 1) has also been synthesized by
anchoring strong electron withdrawing groups on the ligands.
Although no exact fluoride binding constant was reported for
2, elimination of the fluoride ligand from SbF; and B(C(Fs),
(with fluoride affinities of 489 and 444 kJ/mol, respectively)
was observed, demonstrating its high fluoride affinity.”® For the
stibonium ions mentioned before, it is obvious that Coulombic
effects which drive the ion pairing process contribute
significantly to the high fluoride binding affinity, and ion
pairing may deteriorate the selectivity of the ionophores
especially for high charge interfering ions, so it is very
interesting to see whether neutral organoantimony(V)
compounds would be sufficiently Lewis acidic to complex
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Scheme 1. Structures of Organo-Antimony(V) Compounds
Used as Fluoride Ionophores in This Work
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fluoride with high affinity in the polymeric membrane phase.
Considering that spirocyclic stiboranes exhibit great structural
stability and less hindered access to the antimony atom, the
fluoride binding affinity of tetrachloro-substituted
organoantimony(V) compounds (3 in Scheme 1) has been
inspected; titration experiment in THF/H,O0 (7:3, v/v)
solution exhibited a stability constant of 13500 (+1400)
M~ for 3-F.*' Moreover, with the experience of diborane-
based anion receptors, it is reasonable to deploy two stiborane
units in a face-to-face fashion, and thus, a bidentate ionophore
with a cavity flanked on either side by Lewis acidic
antimony(V) atoms (4 in Scheme 1) can be developed. Very
impressive binding affinity for fluoride with this new bidentate
receptor in aqueous solutions (95% H,0, 700 + 30 M™") was
observed.'” Considering the relatively high binding constant of
Lewis acidic organo-antimony(V) compounds 1—4 with
fluoride in the solution phase, we hypothesized that they
could be good candidates as charged or neutral ionophores for
fluoride. To assess this possibility, membranes formulated with
different Lewis acidic organo-antimony(V) compounds, lip-
ophilic additives, and plasticizers were prepared, and their
potentiometric responses to fluoride and potential interfering
anions were evaluated for optimal performance (Table 1).
Gly/H;PO, buffer (pH 3.0) was used as the background
electrolyte solution since fluoride-selective electrodes reported
previously display good performance in this solution.

As shown in Table 1 and Figure 1, all four ionophores could
yield membrane electrodes that exhibit Nernstian/near-
Nernstian response to fluoride and potentiometric selectivity
patterns different significantly from Hofmeister series,
confirming the strong ionophore properties and high affinity
of fluoride to compounds 1—4. Knowledge of the working
mechanism of ionophores is a very important factor when
optimizing membrane composition.”’ It has been reported
previously that metalloporphyrins incorporated into fluoride-
selective membranes could function as both charged and
neutral carriers and, thus, lipophilic anionic or cationic
additives are required, respectively.'"'**> Experiments without
additives and with anionic and cationic additives for all studied
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ionophores have been performed to give the exact description
of the response mechanism (Table 1). Considering that
antimony is in a +5 oxidation state and could accommodate as
many as six ligands, a charge and neutral carrier mechanism
could both be envisioned in ionophores 1 and 2, depending on
whether the first axial ligand (Br~ and OTf~ for ionophores 1
and 2, respectively) exhibits strong enough ligation to the
antimony(V) center. To determine which kind of mechanism
operates in the case of the charged ionophores 1 reported
herein, ISEs containing 30 mol % of anionic (ISE III) or
cationic additives (ISE VI) were prepared. The observed anti-
Hofmeister selectivity sequence of F~ > ClIO,” % SCN™ > 1" >
NO,” ® NO;™ > CI” > Br™ for ISE III differs significantly from
that for ISE VI (Hofmeister series) possessing cationic sites,
demonstrating that the ionophores 1 serve as the charged
ionophore only. Although a little counterintuitive (considering
that the maximum coordination number is 6, it seems that
ionophore 1 could also function as a neutral ionophore), these
results correlate well with the observation that no further
spectral change was found after an equivalent of fluoride was
added to acetonitrile solution of 1.'° Moreover, selectivity
coefficients for membrane electrodes prepared with only
ionophores (see ISEs I, VII, X, and XIII), ionophore 2, and
TDMACI (see ISE IX), as well as ionophore 4 and KTFPB
have also been determined. Obviously, membrane electrodes
formulated with only ionophores 1—2 (ISEs I and VII) behave
similar in the selectivity pattern with their anionic additives
containing the counterpart (ISEs II-IV and VIII), while the
membrane fabricated with the same ionophores and cationic
additives displayed deteriorated selectivity especially for
lipophilic anions such as perchlorate and thiocyanate (ISEs
VI and IX). On the other hand, electrodes doped with or
without anionic additives and ionophores 3—4 only showed
weak anionic responses to fluoride and lipophilic anions,
consistent with the large binding affinity of the ionophores
(ISEs X, XII, XIII, and XVII). Generally, ion exchangers are
added to initiate permselectivity toward anions; however, for
strong binding ionophores, a weak anionic response can be
achieved even in the absence of ion exchangers All these data
describe a clear picture of the response mechanism of all the
ionophores, ionophores 1—2 are governed by charged carrier
mechanisms, while ionophores 3—4 function as neutral anion
carriers. Actually, [Ph,Sb]Br may adopt a partial ionic structure
in the membrane phase.™

The influence of the lipophilic additive content on the
performance of the electrodes prepared with the PVC/o-
NPOE membranes containing different ionophores (using
ionophores 1 and 4 as examples, ISEs II-IV and XIV—XVI)
was assessed. While little differences in the slopes of ISEs II—
IV when changing the amount of additives are observed, ISE II
containing 10 mol % of KTFPB showed the best detection
limits. On the other hand, the amount of TDMACI does have a
significant influence on the slopes of natural carrier-based ISEs
XIV—XVI; 50 mol % is necessary to obtain Nernstian response.
Moreover, for membranes formulated with compound
ionophores 1 and 4, optimal selectivity was observed when
30 mol % KTFPB and 50 mol % TDMACI were used as
lipophilic additives, respectively. Unfortunately, electrodes with
optimized fluoride selectivity (ISE III and ISE XVI) did not
have the best detection limits (ISE II and ISE XIV). Actually,
lipophilic additives could increase the polarity of the
membrane, which enhances the phase transfer of hydrophilic
anions.” However, the detection limit might be elevated owing

https://dx.doi.org/10.1021/acssensors.0c01481
ACS Sens. 2020, 5, 3465—3473


https://pubs.acs.org/doi/10.1021/acssensors.0c01481?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01481?fig=sch1&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://dx.doi.org/10.1021/acssensors.0c01481?ref=pdf

pubs.acs.org/acssensors

ACS Sensors

.moﬁoﬁm [eo132109y) .Ewmu .OHOJ&OEO_ 9y} 0} w>5m~mﬁ& ‘9[qe} SIY3 ur papnjpdur are m@NQT‘HEOU —uﬂmw:|ﬁOM [ejour UO paseq SHST 2pLIonyy —uOtO&QH \ﬁmBOSwhm— JO SjUadIaod bfwﬂuwﬁmw oYL,

01—
81—
ge—
67— 80—
67—
ey—
ey—
Ts—
ST—  80T—
90— L€— te— TE—  6¢—  SI- L1— 81—
€0— ¥0— ¥0— t0— €0— €0-— 70— €0—
I'i— v— 6¢— Se— L'E— Tt 0C— 8C—
80— 6€— L€— tE— 9¢—  §I-— L1- 97—
L0— 8'c— 67— Te— L'E— ¢1— I'i— 81—
€0— #0— ¥0— t0— €0— €0-— 70— ¥0—
70— TO— €0— €0— TO— TO-— 10 70—
80— 6'¢— Te— 6T 0¢— (e 60— 81—
70— ¥0— +0— +0— ¥0— TO-— T0— €0—
¥0 S1— o €0 S0— 8'C 0T I'1t
€1—-  €h—  6€— Se—  Th—  LT— 87— re—
L0— 0b— €€— 0¢— 9¢—  TT— YT— 97—
L0 TI- 90 90 70— €€ LT A
90— Tv— LT 87— T¥—  FI- 91— 61—
L0— ov— 0¢— Tre— ov— LT1— 61— 0Cc—
01— v— Te— ¢e— otv— I't— e 6T
S0— Tv— 8C— 0¢— 8'e¢— 60— 01— S1—
€0— S€— €7— ST— 0¢—  LO0-— 90— TI-
91 T'T 1T ¢ €T LY TS 9'¢
-NO O  _ON _fON g _NDS _'OoD I
Xy 8o

67—

Ic—

-

SLT—
40T X €
0T
0T
0T
0T
0T
20T
40T
20T
40T
5-0T
40T
40T
40T
40T
0T
0T
40T

X X X X X X X X X X X X X
2}

ANV AWV N = AN~V AN o

X X X X
v o~ N o~

40T X S

() ey
ﬁoﬁuwuwﬁ

re—
9€e—

L=

81—
-
8C—

e—
LET—
(a4
Y44
8'LS
L0S
LYY
9°0%
1'0¢
9vS
9'ST
oed
S'6S
oSy
Sov
Tos
89S
T8S
Tss
9ty
oy

A apedap/ >EV
adofs

81— [
1e—
0T— Tt
S0 07
T LT
6¢— 9¢—
€0 €0-
S0— ¥0
L9°0— 8 T—
soa (%0S) IDVINAL
HOJN-0 (%0S) 9daI
HOIN-0 (%0S) IDVINAL
HOdN-0 (%0€) IDVINAL
HOdN-0 (%01) IDVINAL
HOdN-0
HOdN-0 (%0S) 9daIM
HOIN-0 (%0S) IDVINAL
HOdN-0
HOIN-0 (%0€) IDVINAL
HOJN-0 (%0€) 9daI
HOdN-0
HOIN-0 (%0€) IDVINAL
soa (%0€) 9daI
HOIN-0 (%0S) dda.I
HOJN-0 (%0€) 9daIM
HOIN-0 (%01) dda.I
HOdN-0
(% M 0'1)
HOdN-0 [OVINALL
1azpnserd QAQQ [our)

saantppe orydody

81—

]
N
9

A = H A A NN~ ®®m®OF T

sroydouor

(ST 1) [ddL-(AD)?D] utdydiodifusydensy-(AT)eD
(97 301) x91dwos aseq yryos (1)wnrwpe)

(17 321) [ddLIOP]IV
‘uni{ydiod(j4usydoioqyo1p-9“z )spyesay-(TI ) wnurunyy

€¢ Jo1

10[dg0](111)eD ‘epHoatp (d90) :_E&&}a%m.awku
(ro11res ennau ‘CT gar)

90[ddL](AD)1Z ‘epuoryrp (ddl) uudydiodifusydenas-(AT)1z
(ro11red paSreyd ‘U1 Jo1)

90[ddL](AD)1Z ‘epuoryrp (ddl) uudydiodifusydenas-(AT)1z
(3ou1res [ennau ‘CT yar)

40[ddL](A1)*Z “PHoIyPIp (d0) utdydiodiyaeio-(AT)1zZ
(1311180 pasSzeyp ‘11 Jo1)

ID[dd.L](AD)7Z ‘epmoryarp (q0) uriydiodidyiseido-(A1)1Z

(61 321) "HOY(uSID ) ‘ueypaw([fuueisjfuaydipoofyd)sig

IIIAX

TIAX

IAX

AX

AIX

1IX

IIX

S X

1I
IIA
IA

Al

11T
I

SHSIT

(% 1ow) saanippy onrydodry pue sazoydouoy 9, m T Surureyuo)) ssueiquId (T:1)
1zPNSe[I /DA YIM SIPOIIII[H 10J IpLION[] pIemo) asuodsay SLIIAWONUI0J 3Y) JO SONSLIDIOLILY) PUE ‘SJUIDIPI0)) AJIANII[AS ‘SIULIqUIdIAT Y3 Jo suonisoduro) *1 3qeL,

https://dx.doi.org/10.1021/acssensors.0c01481

3468

ACS Sens. 2020, 5, 3465—3473


pubs.acs.org/acssensors?ref=pdf
https://dx.doi.org/10.1021/acssensors.0c01481?ref=pdf

ACS Sensors

pubs.acs.org/acssensors

a 6+
54
44
34
24

% 1

<ol

14

24

-34

44

54— .

—— '——CIo, —— SCN'——Br’

logKP!

VI IX

—— I'——Clo, —— SCN'——Br’
—— NO,—— NO, —— CI——CN"

—— I'——Clo;, —— SCN'——Br’
—— NO,—— NO, —— CI——CN

L]

I T
(e
T
Il |

I

-5 T T
0 X

XV XVIE XVIHI

>

XIV VI

pattern of the membrane
1-4 (a—d) toward fluoride

Figure 1. Potentiometric selectivity
electrodes fabricated with ionophores
over different anions.

to the increase of the ion flux across the membrane with
increasing lipophilic additives.'® For all the ISEs tested (except
for ISEs VI, X, XII, XIII, and XVII), a similar anti-Hofmeister
selectivity sequence is obtained; the selectivity coeflicients for
fluoride are very high, and the discrimination over other
interfering anions is relatively strong. It is obvious that ISE VIII
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displayed the best selectivity and detection limit, which is
comparable or superior to all of the previously reported
polymeric membrane fluoride-selective electrodes (Table
1).!131919212636 A ctyally, only Zr(IV)-tetraphenylporphyrin
(TPP) dichloride operated under the mechanism of the
charged carrier has been reported to show superior selectivity
than the values reported here. However, deteriorated detection
limit (10™*° M), super-Nernstian response, and short life-time
(one month or even 3—4 days claimed by the authors)
prohibited it from practical application.'" It should be noticed
that the proposed ISEs also showed good selectivity to fluoride
over cyanide (determined in MES/NaOH buffer solution (pH
5.5) owing to the low acidity of cyanic acid), which has been
reported to be more lipophilic and complex organo-antimony-
(V) compounds with high affinity.””** The influence of a
plasticizer on the performance of the ISEs should also be
noticed; membranes plasticized with more polar 0-NPOE
showed a better slope and selectivity toward fluoride over
interfering anions compared to membranes containing DOS.
This result can be ascribed to the difference in the dielectric
constant of the plasticizers. A higher dielectric constant
decreases the electrical resistance of the membrane and
facilitates the transfer of hydrophilic ions to the membrane
phase.'® It should be noted that these selectivity coefficients
were determined by the SSM assuming theoretical slopes; an
analogous approach has been used previously, which makes it
possible to compare the selectivity coeflicient data of the new
ionophores with that of other ionophores reported earlier. In
parallel, the potentiometric calibration curves toward various
anions are also illustrated in Figure 2.

Due to the high affinity of OH™ anions to metal ions, the pH
of the sample solutions may have significant influence on the
performance of ISEs using Lewis acidic organo-antimony(V)
compounds as ionophores in this work. Thus, the effects of
sample solution pH on the fluoride response characteristics of
ISE III, VIII, XI, and XVI were inspected in detail. For this
purpose, in addition to a Gly/H,;PO, buffer (pH 3.0), a MES/
NaOH buffer solution (pH 5.5) was also examined as the
background electrolyte solutions for potentiometric fluoride
determination (See Figure 3). For all the four ISEs examined,
increasing sample pH from 3.0 to 5.5 deteriorates the detection
limits, slopes, and linear response ranges of the ISEs. For
example, for ISE VIII plasticized with o-NPOE using
compound 2 as the ionophore along with 30 mol % of
KTEPB, the detection limits shift significantly from § X 107° to
4 % 10™° M. A similar behavior is observed for ISEs III, XI, and
XVI. Generally, it was found that a change of pH from 3.0 to
5.5 increases the LDL by at least one order of magnitude. To
give more information about the influence of OH™, potential
data in 1072 M fluoride solution (pH 3.0) and that in HEPES
buffer (pH 7.0) were used to calculate the selectivity
coefficient over OH™, and the selectivity values for ISEs III,
VIII, XI, and XVI are 5.0, 4.8, 4.2, and 4.1, respectively.
Although an improved detection limit for the proposed ISEs
can be anticipated at pH 3.0, these values correlate with the
detection limit at pH S.5. Plainly, the Gly/H;PO, buffer (pH
3.0) is preferred for practical application of these new fluoride
ISEs.

Examples of the dynamic responses of representative ISE
VIII and XVI to fluoride are presented in Figure 4. In contrast
to the sluggish response for previously reported polymeric
membrane fluoride-selective electrodes, dramatically enhanced
dynamic response for the ISEs developed in this work was
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Figure 2. Potentiometric response of ISE III (a), VIII (b), XI (c), and
XVI (d) toward different anions.

observed. Although a little potential drift (ca. 5.0 mV) was
observed for dilute fluoride solutions, response times were
considerably shorter (<60 s). Reversibility of the ISEs is very
important especially when the binding affinity is high. As
required, potential traces when switching sensors from high to
low concentrations for several times are displayed in Figure 4.
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Figure 3. Potentiometric response of ISEs III, VIII, XI, and XVI
toward fluoride in MES/NaOH buffer solution (pH 5.5).
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Figure 4. Dynamic fluoride EMF response of ISE VIII and XVI.
Measurements were carried out in Gly/H;PO, buffer (pH = 3.0).

It seems that good reversibility is obtained, although strong
complexation with fluoride is observed; similar phenomena
have also been reported in previous work.”" The stability of the
developed electrodes has been tested over a period of 3
months; no significant changes in the slopes, detection limits,
and selectivity coefficients were observed (see Figure S1 in
Supporting Information). Moreover, log P values for
ionophores 1—4 have been calculated using ChemDraw
2014; the obtained values are 7.17, 9.19, 9.51, and 19.90 for
ionophores 1—4, respectively, correlating well with the stability
of the corresponding membrane electrodes.

It is well-known that the binding constants of ion-ionophore
complexes are critical for the selectivity of polymeric
membrane ISEs. Although the solution-phase binding data
for fluoride and ionophores 1—4 is available (mentioned
previously in the introduction), it is difficult to translate these
data directly to the performance of the ionophore-based ISEs
because the membrane environment differs significantly from a
simple solvent. Fortunately, the segmented sandwich method
proposed by Bakker enables the determination of ion-
ionophore stability constants within the membrane phase.
The values of the formation constants for various anions with
the four different ionophores in o-NPOE-plasticized mem-
branes are shown in Table 2. It is not surprising that each of
the ionophores form their strongest complexes with fluoride
and the trend in the stability constants of the fluoride-
ionophore complex correlates well with the solution-phase
binding data and the determined selectivity sequence of the
ISEs. It should also be noticed that the significant difference
between the formation constants for fluoride and other
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Table 2. Ionophore Complex Formation Constants Determined with Two-Segment PVC/0o-NPOE (1:2) Sandwich

Membranes”

formation constants (log K,)

ionophore (1 wt %) ionic sites (mol %) F- I
1 KTFPB 11.1 4.7
2 KTFPB 12.2 5.0
3 TDMACI 9.9 4.7
4 TDMACI 10.8 4.3

“The complex stoichiometry is 1:1.

clo,” SCN~ Br~ NO,~ NO,~ cr
41 42 47 44 46 5.0
42 44 5.1 48 49 53
40 40 48 43 43 49
39 4.0 45 4.1 4.0 5.0

interring ions does not translate equivalently to the selectivity.
Using ionophore 2 as an example, we observe that the
difference between the formation constant values for fluoride
and perchlorate is 8.0, whereas log Ké’?do; is —2.8. This

difference could be ascribed to coextraction, different
thermodynamics of ions, and ion-exchange processes that
generate an ion flux across the membrane.'® Actually, the ratio
of the complex formation constants of an ionophore with
various ions should directly manifest itself as a change in
selectivity, as compared to Hofmeister series. It is well-known
that electron withdrawing groups could increase the Lewis
acidity of the metal ion, so it is reasonable that ionophore 2
with perfluorinated substituents complex stronger with all
anions than ionophore 1. When comparing the anion
complexation constants of ionophores 3—4 to 1-2, it is clear
that stronger complexes are formed by the charged organo-
antimony(V) derivatives.

As described above, the performance (with a linear range of
1 X 107° to 4 X 107> M and a detection limit of 5 X 107° M)
of ISE VIII suggests that it may suit for real-life applications.
Therefore, fluoride detection in tap water was performed using
ISE VIII and commercial LaF; electrodes. As shown in Table
3, data obtained using ISE VIII are consistent with those
obtained using the standard LaF; electrode.

Table 3. Analytical Results for the Detection of Fluoride in
Tap Water Samples (Mean + Standard Deviation, n = 3)

samples ISE VIII (107° M) LaF; ISE (107° M)
tap water 1 3.25 +0.10 3.24 £ 0.07
tap water 2 2.73 £ 0.09 2.74 = 0.07
tap water 3 2.55 £ 0.09 2.54 + 0.08
tap water 4 1.95 + 0.08 2.03 + 0.06
tap water S 2.23 £ 0.07 2.18 £ 0.07

B CONCLUSIONS

Four kinds of Lewis acidic organo-antimony(V) compounds
with strong binding affinity to fluoride were used as ionophores
to develop polymeric membrane fluoride-selective electrodes
that show significant anti-Hofmeister selectivity. These new
ionophores function via the charged (ionophores 1 and 2) or
neutral (ionophores 3 and 4) carrier mechanism. Improved
detection limits and enhanced selectivity could be achieved by
optimizing the ionophores, lipophilic additives, and plasti-
cizers. Membrane electrodes fabricated with tetrakis-
(pentafluorophenyl)stibonium (ionophore 2) performed best
in detection limit, sensitivity, and selectivity. The optimized
electrodes demonstrated a response toward fluoride with a
slope of —59.5 mV/decade in the linear range of 1 X 107° to 4
X 107> M and a detection limit of 5 X 107® M. Studies on the

influence of sample solution pH indicate that the best pH for
fluoride determination is pH 3.0. Moreover, all of the
electrodes studied respond in 1 min. The anion—ionophore
complex constants in the membrane phase determined using
the segmented sandwich membrane method correlate well with
the solution-phase binding data and the determined selectivity
sequence of the ISEs. The optimized electrodes can be used for
the determination of fluoride concentrations in tap water.
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