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Covalently attached ionophores extend the
working range of potentiometric pH sensors with
poly(decyl methacrylate) sensing membranes

and Philippe Buhlmann W= *

The pH working range of solid-contact ion-selective electrodes (ISEs) with plasticizer-free poly(decyl

methacrylate) sensing membranes is shown to be expanded by covalent attachment of H* ionophores to

the polymeric membrane matrix. In situ photopolymerization not only incorporates the ionophores into

the polymer backbone, but at the same time also attaches the sensing membranes covalently to the

underlying inert polymer and nanographite solid contact, minimizing sensor drift and preventing failure by

membrane delamination. A new pyridine-based H* ionophore, 3-(pyridine-3-yl)propyl methacrylate, has

lower basicity than trialkylamine ionophores and expands the upper detection limit. This reduces in par-

ticular the interference from hydrogen phthalate, which is a common component of commercial pH

buffers. Moreover, the lower detection limit is improved by replacing the CH,CH, spacer of previously
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1 Introduction

Glass electrodes exhibit high H" selectivity and are used for a
wide range of applications'” but they are inherently fragile,
exhibit high resistance, are difficult to miniaturize, and have a
high affinity for proteins, requiring frequent cleaning and
maintenance.>* Moreover, their working range is limited by
the so-called acid and alkaline errors at low and high pH
values, respectively.” Many of these limitations can be
addressed by the use of ion-selective electrodes (ISEs) with an
ionophore-doped polymeric membrane.®*" In particular, iono-
phores with different H' affinities can be chosen to tune the
working range for specific applications."®>° Polymeric mem-
brane ISEs are not without their flaws, though, including the
loss of selectivity and sensitivity due to leaching of ionophores
and, in the case of plasticized sensing membranes, plasticizers
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reported dialkylaminoethyl methacrylates with a (CH;);o spacer, which increases its basicity. Notably, for
the more basic and highly cation-selective ionophore 10-(diisopropylamino)decyl methacrylate, the
extent of counterion interference from hydrogen phthalate shifted the upper detection limit to lower pH
by nearly one pH unit when the crosslinker concentration was decreased.

into samples.>'® To overcome these limitations, several types
of plasticizer-free polymeric ISE membranes with either co-
valently attached ionophores or covalently attached ionic sites
have been introduced.”*® Notably, attachment of both the
ionic sites and ionophores to the matrix polymer results in
sensing membranes with excessively high resistances and slow
response times,>® an outcome that could probably only be
avoided if the ionophore groups are close enough to one
another so that ion hopping is feasible. Whether it is prefer-
able to covalently attach the ionophore or the ionic sites to the
polymer depends on the stability and stoichiometry of the
ionophore complexes.*

The upper and lower detection limits of an ionophore-
based H' ISE depend on the basicity of the ionophore. Less
basic ionophores typically shift both the lower and upper
detection limits to a similar extent to lower pH,*® although
exceptions to this rule have been observed when failure of
counter-ion exclusion (also referred to as Donnan failure) is
preceded by a super-Nernstian response region.>**° At the
upper detection limit, target ions and counter-ions are co-
extracted into the sensing membrane, which is facilitated by
the strong binding of the target ion to the ionophore as well as
a high activity and lipophilicity of the counter ions.'®*' For
interfering ions that have the same charge sign as the target
ions, the lower detection limit is limited by the activities of
these ions and the selectivity of the ISE for H" with respect to

This journal is © The Royal Society of Chemistry 2024
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these ions.**™** The latter again depends on the stability of the
complexes of the ionophore with the target ion, H, and inter-
fering ions. Therefore, the affinity of the ionophore for H' con-
trols the upper and lower ends of the sensing range. For
example, conventional plasticized poly(vinyl chloride) doped
with tridodecylamine'” exhibited a pH sensing range from >12
to 5.5 while the less basic 4-nonadecylpyridine (ETH 1907)"*
responds linearly in the pH range of 9 to 2.

Importantly, the use of an ionophore with more than one
group that can be protonated or a combination of two different
ionophores does not extend the pH working range, as the
upper and lower detection limits depend inherently on the
ionic site concentration.*>*® On one hand, for sensor mem-
branes with a low ionic site concentration, a more basic iono-
phoric group limits the upper detection limit to a pH higher
than it would be the case for a less basic ionophore.*” On the
other hand, for membranes with an ionic site concentration
sufficiently high so that the less basic ionophore controls (and
thereby improves) the upper detection limit, the lower detec-
tion limit suffers from the lower selectivity over interfering
ions as provided by that less basic ionophore. Therefore, to
permit analysis in a wide pH range, two electrodes with
different ionophores need to be used in parallel.

Herein, we report on ISEs with plasticizer-free poly(decyl
methacrylate) (PDMA) membranes using covalently attachable
ionophores with a pyridine or tertiary amino group to cover a
wider pH range than with previously reported 2-dialkyl-
aminoethyl methacrylates. We report on the potentiometric
response, interference from ions with a charge sign opposite
to that of the measured ion, and how the weight percent of
sensing components influences the upper detection limits.

2 Experimental section
2.1 Materials

Nanographite powder (GS-4827, particle size distribution from
0.10 pm to 10 pm; BET surface area 165 m”> g ')*® was pur-
chased from Alfa Aesar (Tewksbury, MA, USA). The ionophore
3-(pyridin-3-yl)propyl methacrylate was prepared by following
a modified literature procedure”®>® by reaction of 3-(pyridin-3-
yl)propanol with methacryloyl chloride in the presence of tri-
ethylamine. Upon extraction of the product from the reaction
solution with dichloromethane, 100 ppm 4-methoxyphenol
was added before further processing to prevent untimely
polymerization. The ionophore 10-(diisopropylamino)decyl
methacrylate was obtained in a three-step synthesis by (i) reac-
tion of diisopropylamine with methyl sebacoyl chloride to give
an amide ester, (ii) simultaneous reduction of the two carbonyl
groups in the resulting compound with LiAlH, to give a
primary alcohol with a diisopropylamino substituent, and (iii)
ester formation of this alcohol with methacryloyl chloride in
the presence of triethylamine. Here too, upon extraction of the
product from the reaction solution with dichloromethane,
100 ppm 4-methoxyphenol was added. For details of the synth-
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eses and "H NMR spectra of these ionophores as well as speci-
fics on other reagents, see the ESL.{

2.2 Preparation of precursor solutions

Precursor solutions for PDMA membranes with the covalently
attachable ionophore comprising a pyridine group were pre-
pared by mixing 1.4 wt% 2,2-dimethoxy-2-phenylacetophenone
(DMPA; photoinitiator), 90.0 wt% decyl methacrylate (DMA),
1.4 wt% 1,6-hexanediol dimethacrylate (crosslinker), 3.8 wt%
potassium tetrakis( pentafluorophenyl)borate (ionic sites), and
3.3 wt% 3-(pyridin-3-yl)propyl methacrylate (ionophore,
300 mol% with respect to the ionic sites).

For PDMA membranes with the covalently attachable iono-
phore with a tertiary amino group, a precursor solution was
prepared containing (unless noted otherwise) 1.4 wt% DMPA,
88.7 wt% DMA, 1.4 wt% 1,6-hexanediol dimethacrylate,
3.8 wt% potassium tetrakis( pentafluorophenyl)borate, and
4.7 wt% 10-(diisopropylamino)decyl methacrylate.

For PDMA membranes with mobile ionic sites but no iono-
phore, a precursor solution was prepared containing 1.5 wt%
DMPA, 93 wt% DMA, 1.5 wt% 1,6-hexanediol dimethacrylate,
and 4 wt% potassium tetrakis(pentafluorophenyl)borate.

2.3 Polymerization and grafting of PDMA membranes onto
functionalized inert polymer bodies and solid contact

Solid-contact ISEs with PDMA membranes were prepared in an
analogous manner as previously reported®" for the direct
attachment of the sensing membrane to both underlying inert
polymeric substrates and solid contact carbon. To improve
potential stability, nanographite with a high surface area
(165 m*> g ")*® was applied as a high-capacity solid-contact
material onto a gold-coated stainless steel pin serving as the
underlying electron conductor.*>**>® The cylindrical electrode
bodies used for this purpose were custom-made from poly-
propylene, with a gold-coated stainless steel pin (diameter
2.5 mm) protruding at the end.’" Unlike in the case of com-
monly used gold electrodes for cyclic voltammetry, the gold pin
was recessed by 0.5 mm with respect to the end of the poly-
propylene cylinder, and an additional groove of 0.5 mm depth
surrounded the end of the pin, forming a small cavity, into
which a 21 pL aliquot of a nanographite suspension in tetra-
hydrofuran (THF) was deposited to cover the exposed gold
surface.>® The suspension used for this purpose was prepared by
sonicating 50 mg of nanographite in 1 mL of THF for 30 min.

To attach the surface initiator to polypropylene and nano-
graphite, a THF solution of 2,2-dimethoxy-2-phenylacetophe-
none (DMPA) was dropcast onto the nanographite and the sur-
rounding polypropylene body. The photoinitiator was grafted
onto the polypropylene and nanographite solid contact by UV
irradiation (peak output: 365 nm) over 20 min. To graft the
sensing membrane onto the functionalized polymer and solid
contact surface, the precursor solution was dropcast onto the
nanographite and the area of the polypropylene body pre-
viously activated with the photoinitiator. The electrodes were
then placed into a well-sealed box covered by a UV-transparent
quartz glass plate, and the box was flushed with argon for
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10 min. The membranes were polymerized under UV
irradiation (peak output: 365 nm) for 20 min. An 8-watt 3UV
ultraviolet lamp (254/302/365 nm) from Analytik Jena (Jena,
Germany) was used for all photopolymerization reactions.

2.4 Potentiometry

Potentiometric measurements were carried out in stirred solu-
tions with an EMF-16 potentiometer (Lawson Labs, Malvern,
PA, USA) against a double-junction reference electrode with
AgCl-saturated 3.00 M KCI reference electrolyte and 1.0 M KCl
bridge electrolyte (DX200, Mettler Toledo, Switzerland). A pH
glass electrode (InLab 201, Mettler Toledo, Columbus, OH,
USA) was used to separately determine the pH of all solutions.
To measure the pH responses of sensing membranes, the
sample pH was adjusted by adding aliquots of 1 M NaOH or
1 M HCI while monitoring the pH with the glass electrode.
Selectivity coefficients against Na*, K', and Li" were measured
using the fixed interference method (FIM) or, when indicated,
the fixed primary ion method (FPIM).”* Long-term stabilities
were measured in a temperature-controlled chamber at 25 °C
with an AgCl-coated Ag wire directly inserted into the sample
solution as the reference electrode.

2.5 Chronopotentiometry

Chronopotentiometry was used for resistance measurements.
A gold electrode coated with nanographite and an ion-selective
membrane was used as the working electrode, 10 mM sodium
phosphate buffer solution (pH = 7.1) was used as the aqueous
electrolyte, an AgCl/Ag electrode with AgCl-saturated 3.00 M
KCl reference electrolyte and a 1.0 M KCI bridge electrolyte
served as the double-junction reference electrode, and a Pt
wire was used as the counter electrode. A constant current of
+0.1 nA was applied to the ISE for 100 s, followed by a reverse
current of the same magnitude for the same length of time.>
The specific capacitance of this nanographite solid contact
was thus determined to be 1500 mF g™

3 Results and discussion

3.1 PDMA membranes with covalently attached pyridine and
trialkylamine ionophores

With a view to improve the robustness and longevity of iono-
phore-doped pH-sensitive ISEs, in our previous work, we
grafted ISE membranes to underlying inert electrode body
materials and electron conductors, and we covalently attached
an ionophore to the crosslinked PDMA sensing membrane.””
For this purpose, we used the commercially available com-
pounds 2-(dimethylamino)ethyl methacrylate, 1, and 2-(diiso-
propylamino)ethyl methacrylate, 2, as ionophores (see Fig. 1).
While these electrodes performed well in many aspects, there
was room for the improvement of their lower detection limit
(i.e., at high pH). Moreover, their upper detection limit was
affected by Donnan failure when samples contained hydro-
phobic ions such as the very hydrophobic hydrogen phthalate,
which is commonly used in commercial pH buffers. To this
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Fig. 1 Structures of methacrylate-based H* ionophores.

end, we report here on the new ionophores 3-(pyridin-3-yl)
propyl methacrylate, 3, and 10-(diisopropylamino)decyl meth-
acrylate, 4 (see Fig. 1) to improve the upper and lower detec-
tion limits, respectively. A brief description of the synthesis is
given in the Experimental section; for further details, see the
ESI.t The photoinitiated graft polymerization of the sensing
membranes (see Fig. 2 and S6t) followed the same procedure
as in our earlier work.>

3.2 Cation selectivities of PDMA membranes

Table 1 lists the cation selectivities of the ISEs prepared with
one of the ionophores 1, 2, 3, or 4. Because ionophore 3 was
chosen to be less basic than the trialkylamine ionophores to
improve the counter ion interference at low pH, it is not sur-
prising that the ISE membranes doped with 3 exhibit smaller
discrimination of Li*, Na*, and K" than the ISMs doped with 1,
2, or 4. Notably, the cation selectivities of ISMs doped with 3
are close to those of ISEs based on the previously reported
ionophores ETH 1778 and ETH 1907, which are also pyridine
derivatives but were covalently attached to a polymer back-
bone. Indeed, even though the selectivities for ETH 1778 and
ETH 1907 from the literature as listed in Table 1 are for PVC
membranes plasticized with o-nitrophenyl octyl ether (0NPOE),

Monomer
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07> (CH2e ™ UV initiator
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O
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Fig. 2 Photopolymerization of PDMA membranes with covalent attach-
ment of an ionophore. Matrix monomer: decyl methacrylate; crosslinker:
hexanediol dimethacrylate; ionic sites: potassium tetrakis(pentafluoro-

phenyl)borate (blue); UV-initiator: 2,2-dimethoxy-2-phenylacetophe-
none; illustrated here for ionophore 3 (red).
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Table 1 Working ranges and selectivities (FIM, unless noted otherwise) of pH ISEs comprising PDMA membranes with a covalently attached iono-
phore comprising a pyridine or tertiary amino group, along with data for comparable ISEs with plasticized PYC membranes and free ionophores

PDMA, no PDMA, PDMA, free

ionophore, covalently PDMA, PDMA, ionophore,

mobile attached covalently covalently PDMA, covalently covalently PVC/oNPOE, PVC/oNPOE,

ionic sites  ionophore 3 attached attached attached ionophore 4 attached ionic free free

(this work)  (this work) ionophore 1** ionophore 2%°  (this work) sites®® ionophore'* ionophore'®
Tonophore n.a. 3-Pyridyl-CH,R*  (CH;),NR” [(CH;),CH],NR* [(CH3),CH],N~(CH,)sR* N(C1,H,5); ETH 1907” ETH 1778°
pK, in water? n.a. 5.4 8.2 9.3 11.0 9.8 6.1 3.2
Response slope —50.3+1.2 —56.7 +0.4 —55.7+1.0 —58.7+0.5 —59.2 +0.2 -55.0£0.4 -56.7 —=57.2
(mV per decade)
Working range  n.a. <0.8-7.8° 1.9-9.2¢ 1.8-10.0° 3.8-12.7¢ 4.8-13.4° 2-9/ 0-8%
(pH)
Electrical n.a. 54.0 £ 3.2 MQ 495+ 174 MQ 125 + 80 MQ 54.0 £ 3.2 MQ 4to 31 GQ 35+9GQ" Not
resistance ) ) reported
log K&} -0.5+0.1" -7.2:0.1 -9.3 £ 0.1/ -10.3 £ 0.1 -12.3 0.2 -11.4+02  Not -6.9

) ) reported

logKgloi\,a -03+0.1° -7.5+0.1 -8.8+0.17 -11.0 £ 0.3 —12.6 £ 0.1 -12.4+0.7 -9.7 -5.6
log K¥'x +0.4+0.1° -7.7+0.2 —-8.0 + 0.1/ -10.7 £+ 0.3 -12.4+0.1 -12.7 £ 0.2 -8.7 —4.4

4R: CH,CH,0(C=0)C(CH;)CH,. ”4-Nonadecylpyridine. °Octadecyl isonicotinate. ?pK, of the neutral ionophore in water, as estimated using the
Advanced Chemistry Development (ACD) acid dissociation calculator.**">® ¢ Determined using 10 mM sodium phosphate buffer by adjusting the pH with
1.0 M HCI or 1.0 M NaOH. / Determined using 100 mM potassium phosphate buffer by pH adjustment with 1.0 M HCI or 1.0 M NaOH. € Determined
using 60 mM LiOH, 6.6 mM citric acid, 11.0 mM boric acid, and 4 N HCL. * Microelectrodes. ‘ FPIM (pH 2.3)./ This work.

the cation selectivities of ETH 1778, 3, and ETH 1907 follow
the same sequence as their estimated pK, values®®™® of 3.2,
5.4, and 6.1, respectively, in water.

The cation selectivities for ISMs doped with 1, 2, or 4 also
follow the predicted pK, values of these ionophores. As we
described earlier, the increase in ionophore basicity from 1 to
2 by approximately one pK, unit results from the replacement
of the methyl groups attached to the amino nitrogen with iso-
propyl groups. It is consistent with the extension of the lower
detection limit by one pH unit. The further improvement of
the detection limit by about two pH units when going from
ionophore 3 to ionophore 4 is consistent with an estimated
further increase in pK, of nearly two units. The critical change
in the ionophore structure that explains this improvement is
the replacement of the alkanoyloxy group at the § position of
the amino group with an alkyl substituent. Notably, the selec-
tivities of ISMs doped with 4 for H" over Na', K*, and Li" were
very high and similar to PDMA ISMs doped with tridodecyla-
mine, resulting in very similar lower detection limits for the
two ISEs, but offering the added advantage of resistance to
leaching due to the covalent attachment.

Interestingly, the three selectivity coefficients for Li*, Na’,
and K' for ionophore-free PDMA membranes doped with
mobile ionic sites fall in a rather narrow range. The same is
true for each of the ISMs doped with ionophores 1, 2, 3, or 4,
while selectivities for different electrodes vary substantially. In
comparison, the selectivity coefficients of the oNPOE-plasti-
cized ISMs with ETH 1778 cover a wider selectivity range, as it
is often observed for H" ionophores that do not interact with
these metal cations. This suggests that the three metal cations
interact with the carbonyl groups of PDMA, with the free ener-
gies of interaction falling in the order of Li* > Na" > K", flatten-
ing the Li" < Na" < K' selectivity pattern caused by the
different hydration energies of these three cations (i.e., the
Hofmeister series).

This journal is © The Royal Society of Chemistry 2024

3.3 Upper detection limit of PDMA membranes

Donnan failure, that is, the interference of ions of the opposite
charge sign than the target ion at high target ion concen-
trations, is a well-known phenomenon.">'*?>%*! In the context
of H' ISEs, an anion of particular concern is hydrogen phtha-
late. With its low hydrophilicity, as evident from the high
selectivity of ionophore-free ion exchanger electrodes,’ and its
high concentrations in many commercial pH buffer solutions,
hydrogen phthalate is a challenging interferent for polymer
membrane ISEs. While phthalic acid and its mono- and depro-
tonated forms are present in few real life samples, it became
popular for the calibration of pH glass electrodes many
decades before polymer membrane ISEs were even invented. A
trivial approach would be to recommend that hydrogen phtha-
late-containing buffers should not be used for the calibration
of polymer membrane ISE, but many users will find this incon-
venient, given currently available commercial pH buffers.
Moreover, reducing the interference of hydrogen phthalate for
H' ISEs will at the same time also reduce interferences of
other anions of low hydrophilicity, such as salicylate, iodide,
and bromide, to name a few.

Hydrogen phthalate counter ion interference is illustrated
in Fig. 3, which shows the pH response of an ISE based on the
more basic ionophore 2, either by addition of aliquots of HCI
or phthalic acid (Fig. 3c and d, respectively). Note that the
upper detection limit is not marked by a gradual decrease in
response slope, as this is often observed for Donnan failure.
Instead, the eventual decrease in response slope is preceded
by a pH range with a width of about 2 pH units in which the
response slope is super-Nernstian. This phenomenon has
been observed previously'*?%°® but is still poorly understood.
Notably, when hydrogen phthalate is present, the upper end of
the linear response occurs at pH 5.5, a much higher pH than
pH 3.8 that is observed when only chloride and phosphate are

Analyst, 2024,149, 132-1140 | M35
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Fig. 3 pH response of DMA-based membranes (n = 3) with covalently
attached pyridine and tertiary amine ionophores. (a and c) pH adjusted
by addition of 1.0 M HCl or 1.0 M NaOH to 10 mM sodium phosphate
buffer background (pH 7.1). (b and d) pH adjusted by addition of 1.0 M
potassium hydrogen phthalate to 1.0 mM sodium borate buffer and
10 mM potassium hydrogen phthalate (pH = 8.5). The pH shown on the
x-axis was measured using a pH glass electrode, and emf values were
measured relative to a free-flowing double junction reference electrode.

present in the sample. (Note that for quantitative purposes we
define here the upper end of the linear response as the pH at
which the measured potential is 5 mV higher than what is pre-
dicted by a linear regression in the linear response range. In
the presence of a super-Nernstian response region the extra-
polation of the linear response curve to the detection limit, as
similarly recommended by IUPAC for the lower detection
limit,®" would clearly not be adequate.)

A further complication from counter ion interference is the
emf drift that results not only in the pH region in which
Donnan failure is observed, as for the exposure to 50 mM
phthalate buffer of pH 4, but also the drift that is observed
over a significant amount of time after the return of the ISE to
a solution in which no Donnan failure is observed at equili-
brium. This is illustrated in Fig. 4a. The emf only returns to a
constant value when the phthalic acid has left the ISM.

The smaller extent of interference from hydrophobic
counter ions that results from the use of the less basic iono-
phore 3 is shown in Fig. 3. When the pH is adjusted by HCI
addition to a 10 mM sodium phosphate buffer (Fig. 3a), the
response is linear up to pH 0.8. This excellent resistance to
error at low pH is particularly notable as acid error for some
glass electrodes has been shown to occur already at pH < 2 and
was found to worsen with increased anion concentrations.”
ISEs with 3 as the ionophore also exhibit in the presence of
hydrogen phthalate a linear pH response up to pH 3.5.
Importantly, experiments with hydrogen phthalate at a lower
pH than 3.5 are neither needed nor possible because phthalic
acid precipitates from the sample solutions at this low pH.
Consistent with these observations, the emf of ISMs with iono-
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Fig. 4 EMF of pH ISEs comprising PDMA membranes doped with (a) 2-
(diisopropylamino)ethyl methacrylate and (b—d) 3-(pyridine-3-yl)propyl
methacrylate. Buffers: pH 4, 50 mM potassium hydrogen phthalate, pH
adjusted with HCL; pH 5, 50 mM potassium hydrogen phthalate/NaOH;
pH 6, 50 mM phosphate buffer (K;HPO,4, KH,PO,4, HCl); pH 7, 50 mM
phosphate buffer (KH,PO4/NaOH).

phore 3 was also very stable when switching between different
buffers with or without hydrogen phthalate (Fig. 4b-d). In
addition, the calibration curves of these electrodes were linear
and independent of nitrate, chloride, and hydrogen phthalate
(see Fig. S57).

For ISEs with 4 as the ionophore, experiments were also
performed to explore whether the crosslinker concentration
affects the pH at which Donnan failure occurs. Interestingly,
the upper detection limits shifted by nearly a pH unit from

120 4
Solid lines:

1109 Covalently attachable tertiary amine pH ionophore 4
100 Average drift = 10 uV/h
Standard deviation of E° =+ 0.3 mV

90
< 80
§ 40| Dashed lines:
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60 H Average drift = 33 uV/h

50| Standard deviation of E°=+0.5mV
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20 T T T ] T T T T
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Time (h)

Fig. 5 Long-term stability of PDMA membranes doped with covalently
attached ionophore 4 (solid lines) or 3 (dash lines), as measured relative
to an AgCl-coated Ag wire in 10.0 mM pH 7.1 phosphate buffer that
contained 1.0 mM NaCl in a temperature-controlled Faraday cage at
25 °C.
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Table 2 Potentiometric responses of ISEs with PDMA ISMs doped with covalently attached ionophores before and after two exposures to water at

90 °C or nitric acid (2 wt%) for 30 min each. Standard deviation of log K} : +0.2
Tonophore Exposure Slope (mV per decade) log Kfy xa+ log KP%, log KE{?#
3 Before —56.7 £ 0.4 -7.5 -7.7 -7.2
90 °C —56.4£0.8 -7.6 -7.5 -7.7
HNO; -55.7+0.3 -7.3 -7.6 -7.5
4 Before —=59.2£0.2 -12.6 —-12.4 —-12.3
90 °C —-58.9£0.1 -12.5 -12.5 -12.3
HNO; —-58.2£0.3 -12.4 —-12.5 -12.1

pH 5.8 to 5.0 with decreasing crosslinker concentration. This
result may be explained kinetically and is being investigated
further.

3.4 Long-term EMF stability and effect of heat and nitric acid

The main advantages of the covalent attachment of the ISM to
the underlying substrate and the covalent attachment of the
ionophore to the ISM matrix polymer come from the preven-
tion of ISM delamination and ionophore leaching, resulting in
improved sensor lifetimes. Indeed, good long-term stabilities
of the emf of ISEs based on ionophores 3 and 4 were observed
in this work, as illustrated in Fig. 5.

To demonstrate the robustness of ISEs with PDMA mem-
branes doped with ionophore 2, in our earlier work, electrodes
were exposed to 90 °C heat for 2 h, 10 wt% ethanol solution
for 1 day, or sterilization in an autoclave at 121 °C and 2.0 atm
(for 30 min), and the electrodes maintained excellent sensor
responses.”*>" In this work, ISEs with 3 or 4 as ionophores
were exposed to 2% w/w nitric acid for 30 min. After 2% nitric
acid exposure for 30 min, the electrodes exhibited unchanged
working ranges and selectivities (Table 2). Moreover, no dimin-
ishment in response slopes and working ranges was observed
upon two consecutive immersions of the ISEs for 30 min into
water at 90 °C (Table 2). We note that for applications in which
leaching of the ionic sites along with H' into samples is of
concern,'! the tetrakis(pentafluorophenyl)borate used in this
work could be replaced by a more hydrophobic tetraphenyl-
borate derivative.

4 Conclusions

To extend the working range of ISEs with plasticizer-free
PDMA membranes, new covalently attachable pyridine and ter-
tiary amine-based ionophores with different H' affinities were
synthesized. The ISE membranes doped with the pyridine-
based ionophore showed a working range and selectivity very
similar to membranes with a commercially available pyridine-
based ionophore that cannot be covalently attached to the
membrane polymer. Importantly, the less basic character of
the pyridine ionophore not only shifts the upper detection
limits to lower pH, but also reduces or even eliminates co-ion
interference from very hydrophobic ions, such as hydrogen
phthalate. In the case of ISEs doped with the tertiary amine-
based ionophore, a very high selectivity, comparable to that of

This journal is © The Royal Society of Chemistry 2024

the conventional H" ionophore tridodecylamine, was found. In
addition, compared to previously investigated covalently
attachable methacrylate-based tertiary amines, the replace-
ment of the alkanoyloxy substituent at the p position of the
amino group with an alkyl group makes the new ionophore
more basic, resulting in a shift of the lower detection limit to
higher pH. Moreover, we confirmed that these sensors show
an excellent resistance to repeated heating to 90 °C or to
2 wt% of nitric acid solution for 30 min.
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