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ABSTRACT

With a view to potentiometric sensing with minimal calibration requirements and high long-term
stability, colloid-imprinted mesoporous (CIM) carbon was functionalized by covalent attachment
of a cobalt redox buffer and used as a new solid contact for ion-selective electrodes (ISEs). The
CIM carbon surface was first modified by electroless grafting of a terpyridine ligand (Tpy-ph-)
using diazonium chemistry, followed by stepwise binding of Co(II) and an additional Tpy ligand
to the grafted ligand, forming a bis(terpyridine) Co(II) complex, CIM-ph-Tpy-Co(II)-Tpy. Half a
molar equivalent of ferrocenium tetrakis(3-chlorophenyl)borate was then used to partially oxidize
the Co(II) complex. Electrodes prepared with this surface-attached CIM-ph-Tpy-Co(I1I/II)-Tpy
redox buffer as solid contact were tested as K" sensors in combination with valinomycin as
ionophore and Dow 3140 silicone or plasticized poly(vinyl chloride) (PVC) as matrixes for the
ion-selective membrane (ISM). This solid contact is characterized by a redox capacitance of 3.26
F/g, ensuring a well-defined interfacial potential that underpins the transduction mechanism. By
use of a redox couple as internal reference element to control the phase boundary potential at the
interface of the ISM and the CIM carbon solid contact, solid-contact ion-selective electrodes (SC-
ISEs) with a standard deviation of E£° as low as 0.3 mV for plasticized PVC and 3.5 mV for Dow
3140 silicone ISMs were obtained. Over 100 h, these SC-ISEs exhibit an EMF drift of 20 pV/h for
plasticized PVC and 62 pV/h for silicone ISMs. The differences in long-term stability and
reproducibility between electrodes with ISMs comprising either a plasticized PVC or silicone

matrix offer valuable insights into the effect of the polymeric matrix on sensor performance.
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INTRODUCTION

Ion-selective electrodes (ISEs) are widely utilized in clinical analysis, process control, and
environmental analysis.!” Because conventional ISEs with an inner filling solution are difficult to
miniaturize, they are not readily amenable to mass manufacturing and cannot be easily integrated
into wearable and implantable devices.® Therefore, solid-contact ISEs (SC-ISEs) have attracted
much interest.”!'” While early SC-ISEs had the ion-selective membrane (ISM) directly applied
onto a metal contact,'® this did not result in a well-defined interfacial potential between the ISM
and the underlying electron conductor, and it led to water layer formation. Consequently, these
electrodes had poor stabilities and poor electrode-to-electrode reproducibilities of the standard
potential, E°, of the electrochemical cell, as measured with a target ion activity of 1 in the sample.'®

To stabilize this interfacial potential, intermediate layers consisting of conducting polymers
with a high redox capacitance were introduced.” !7 The E° values of such are, however, not very
reproducible, and they change over time, which can be attributed to a wide variability in local
conformations as well as spontaneous oxidation by ambient oxygen.!%2%2! In an attempt to use a
more well-defined molecular redox buffer, redox-active self-assembled monolayers (SAMs) were
explored, such as ferrocene-modified SAMs, but the redox buffer capacity of those sensors was
insufficient due to the small amount of redox species in a monolayer on a planar substrate.?? 23
More recently, this concept has been extended to polymers doped with metal-organic complexes®*
27 and TEMPO!"- 2 as redox-active species, and the advantages of using redox buffers comprising
both the reduced and oxidized forms of the redox buffer have been shown.?-2
As an alternate approach, ISEs with high surface area carbons have been used.***” The large

surface areas result in a high capacitance of the interface between the ISM and the solid contact

and, consequently, the corresponding interfacial phase boundary potential is highly resistant to



change, which minimizes long-term drift.>% 3% In particular, in our previous work, ISEs with
colloid-imprinted mesoporous (CIM) carbon as solid contact exhibited £° values with a standard
deviation of 7.3 mV and a potential drift of only 1.3 uV/h over 70 h.>” Combining a high surface
area carbon solid contact with doping of the ISM membrane with a hydrophobic Co(III/IT) redox
buffer, the standard deviation of E£° could be further reduced to 0.7 mV.3” However, loss of redox
buffer from the ISM into the aqueous sample solution was observed, which is not acceptable for
long term measurement.?®- 3

Here, we introduce CIM carbon with a covalently attached redox buffer (CIM-ph-Tpy-
Co(I1I/IT)-Tpy) as a novel solid-contact material for the fabrication of ion-selective electrodes with
minimal calibration requirements. The combined use of a high solid-contact surface area, as
provided by the mesoporous carbon, and the attachment of the redox buffer to the carbon surface
throughout the entire solid-contact layer result in a highly reproducible standard potential (£°). It

also avoids leaching of the redox buffer from the ISM into the aqueous sample solution. Results

for SC-ISEs both with plasticized PVC and silicone based ISMs are presented.

EXPERIMENTAL SECTION

Reagents and Materials. Reagents were obtained from the following sources: 4-([2,2":6',2"-
terpyridin]-4'-yl)aniline (Tpy-ph-NH2, 97%) from Ambeed (Arlington Heights, IL, USA);
2,2"6',2"-terpyridine (Tpy, 98%), polytetrafluoroethylene preparation (60 wt % Teflon dispersion
in H,O) from Sigma-Aldrich (St. Louis, MO, USA); mesophase pitch from Mitsubishi Gas
Chemicals (Tokyo, Japan). The Supporting Information describes the experimental details for the
preparation of ferrocenium tetrakis(3-chlorophenyl)borate (from ferrocenium tetrafluoroborate

and ammonium tetrakis(3-chlorophenyl)-borate), colloid-imprinted mesoporous (CIM) carbon,



and Co(III/IT) redox buffer-functionalized CIM carbon (CIM-ph-Tpy-Co(I1I/II)-Tpy). For other
reagents, see the Supporting Information.

Electrode Fabrication. ISEs with silicone-based sensing membranes were prepared following
a previously reported procedure.’® A graphite rod (outer diameter 0.235 mm) was inserted into a
glass tube (inner diameter 0.235 mm) and the gap between the graphite and the tube was filled
with aqueous 60 wt % polytetrafluoroethylene dispersion, followed by drying at room temperature
overnight. The graphite surface exposed at the end of the tube was then polished with sandpaper
(starting with 300 and finishing with 1500 grit) and rinsed first with water and then ethanol,
followed by drying with a stream of argon. Functionalized CIM carbon films were made by mixing
100 mg of functionalized CIM carbon powder with 0.1 mL of the 5 wt % polytetrafluoroethylene
dispersion, followed by roller pressing of this blend to a thickness of 120 um. Disks were then cut
out of the functionalized CIM carbon film (diameter of 5.6 mm, =~ 5 mg) using a hole punch and
placed on top of the graphite rod, followed by application of 50 pL of toluene onto the
functionalized CIM carbon film and the exposed end of the glass tube, avoiding bubble formation
on the functionalized CIM carbon in the subsequent step. Then, a total of 200 pL of the ISM
solution was added onto the functionalized CIM carbon film, and the ISM was cured in an oven at
55 °C for 24 h. ISM solutions for valinomycin-doped K" Dow 3140 ISMs were prepared by
dissolving in 1 mL of freshly distilled toluene 200 mg of Dow 3140, 2.0 mg of valinomycin as
ionophore, and 0.4 mg of ammonium tetrakis(3-chlorophenyl)borate (50 mol % with respect to the
ionophore) to provide ionic sites. The advantage of using a glass tube for the preparation of these
electrodes is that the silicone ISMs are covalently attached to the electrode bodies by formation of

Si—O-Si bonds.



ISMs with a plasticized PVC matrix were prepared by dissolving in 1 mL of freshly distilled
THF the ISM ingredients: 66 mg of PVC as the polymer matrix, 132 mg of bis(2-ethylhexyl)
sebacate (DOS) as plasticizer, 2.0 mg of valinomycin as ionophore, and 0.4 mg of ammonium
tetrakis(3-chlorophenyl)borate (50 mol % with respect to the ionophore) to provide ionic sites.
Functionalized CIM carbon powder was sonicated in dry THF for 20 min to produce a 50 mg/mL
suspension, and then 40 pL of this suspension was drop cast onto a glassy carbon electrode (a
glassy carbon rod encased into an inert polymer; CH Instruments, Austin, TX, USA), forming CIM
carbon films as ISE solid-contact layers with a thickness of approximately 200 um and a weight
of 2 mg. To form plasticized ISMs with a thickness of approximately 100 pm, two portions of the
above PVC membrane solution (20 pL, followed by 30 uL) were drop cast onto the functionalized
CIM carbon layer on a glassy carbon disk CHI electrode and allowed to dry overnight. As a
precaution to avoid the possible delamination of the ISMs and functionalized CIM carbon films
from the glassy carbon electrodes and to make sure that there was a good contact between the
different layers of the electrode/CIM carbon/ISM construct, the coated electrodes were mounted
into cylindrical bodies with an o-ring in between the electrode body and the ISM. The outer
diameter of the o-ring was chosen to match the inner diameter of the electrode body.

Potentiometric Measurements. Potentiometric measurements were performed with an EMF
16-channel potentiometer (Lawson Labs, Malvern, PA, USA) controlled by 1.03 EMF Suite
software (Fluorous Innovation, Arden Hills, MN, USA). A double-junction reference electrode
(DX200, Mettler Toledo, Switzerland; AgCl-saturated 3.0 M KCI as inner reference electrolyte
and 1.0 M LiOAc as bridge electrolyte) was used as a conventional external reference electrode
for calibration experiments, and a Ag/AgCl wire was used as a reference electrode for long-term

stability experiments in 1 mM KCI samples in a temperature-controlled chamber at 25 °C. All



electrodes were conditioned in a 1 mM KClI solution for at least 24 h to ensure full conditioning

before measurements. All emf values were corrected for the liquid junction potential at the double-
junction reference electrode by using the Henderson equation.*® Activity coefficients were

calculated based on a two-parameter Debye-Hiickel approximation.*!

RESULTS AND DISCUSSION

CIM Carbon. The goal of this work was to covalently introduce a molecular high-capacity
redox buffer to the interface between the ion-selective membrane and an underlying solid contact
with a high surface area. A planar substrate with a small surface area would not give a sufficiently
large buffer capacity.”-!> Therefore, we used in this work CIM carbon as the substrate onto which
the redox buffer was grafted. CIM carbon is a porous carbon with uniformly sized, interconnected,
but disordered spherical mesopores and a high surface area. After thermal reduction in hydrogen,
it has a low content of oxygen on the surface, which provides a hydrophobic environment and
prevents water layer formation at the interface between the ISM and solid contact.'® 42 N,
physisorption analysis of CIM carbon showed a typical type IV isotherm (Figure S1), from which
a DFT surface area of 373 m?/g was calculated (Table S1). The thus determined pore sizes are in
the 20-30 nm range, in agreement with the dimensions of the pores as observed by scanning

electron microscopy (SEM, see Figure 1).



Figure 1. SEM image of a CIM carbon particle, showing the mesopores on its surface. Reprinted
with permission from Dong et al., ACS Sens. 2023, 8, 1774. Copyright 2023, American Chemical

Society.

Cobalt Redox Buffer-Functionalized CIM Carbon. The synthetic approach to prepare the
redox buffer CIM-ph-Tpy-Co(III/II)-Tpy, as shown in Scheme 1, consisted of the synthesis of a
diazonium derivative of terpyridine (Tpy-ph-N>"), grafting of this ligand by covalent bond
formation to the CIM carbon substrate, complexation of Co(II) to the surface-attached terpyridine
ligands, and completion of the octahedral Co(Il) complex by reaction with a second terpyridine
ligand. This was followed by partial oxidation of CIM-ph-Tpy-Co(Il)-Tpy to CIM-ph-Tpy-

Co(1I1)-Tpy.
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Scheme 1. Schematic of the functionalization of CIM carbon with ph-Tpy-Co(III/I)-Tpy. X~

refers to the counter ion.

The first terpyridine ligand was covalently attached to the CIM carbon by electroless grafting
using the diazonium compound Tpy-ph-N>* (for experimental details, see the Supporting
Information). Diazonium salts are easily reduced while releasing N, leading to aryl radicals that
readily bind to carbon surfaces and various metal oxides.**-#* Similar grafting of Tpy-ph-N>" has
been performed previously on various substrates, such as glassy carbon,*> carbon black,*

47-50

multiwalled carbon nanotubes, indium-tin oxide,”! metal oxide thin films deposited on

fluorine-doped tin oxide glass,* and others. In this work, the PFs~ salt of Tpy-ph-N>* was prepared



by diazotization of the corresponding amine, followed by precipitation with KPFe. 'H NMR, mass
and IR spectra confirm the purity of the Tpy-ph-N>" product (see Figures S2—-S4).

For electroless grafting of the terpyridine ligand onto the CIM carbon powder, the amount of
Tpy-ph ligand attached to the CIM carbon after 3 h exposure of the CIM carbon to Tpy-ph-N,*
was determined by comparison of the experimental weight ratio of carbon and nitrogen in the
functionalized CIM carbon (from combustion analysis) to the corresponding C:N ratio as expected
from the surface area of the carbon, assuming that a complete monolayer is formed over the entire
CIM carbon surface area. The C:N ratio expected for full monolayer coverage was calculated based
on the ligand size (footprint of bis(terpyridine) = 1.21x10°'® m?) and the DFT surface area of the
CIM carbon (373 m?/g), with the assumptions (i) that the ligand complexes are perpendicularly
packed on the carbon surface and (ii) that the complexes cover all of the DFT surface area (as
shown in Figure S5). Based on these estimates, electroless grafting of 10 mg CIM carbon with 50
mM Tpy-ph-N>* in 2 mL DMSO (twentyfold excess with respect to expected monolayer coverage)
resulted in a surface concentration of the redox buffer corresponding to 66% of a full monolayer
over the entire carbon surface. In contrast, when 1 g CIM carbon was reacted with 10 mL of a 50
mM solution of Tpy-ph-N>" in DMSO (which corresponds to only one equivalent of a theoretical
monolayer), the estimated monolayer coverage reached only 20% (for details, see the Supporting
Information). The latter modified CIM carbon was used after complete functionalization for
subsequent potentiometric experiments.

The CIM carbon with the covalently attached Tpy-ph ligand was further modified by allowing
Co(II) to bind to the Tpy groups to form CIM-ph-Tpy-Co(Il). This was achieved by exposure of
the CIM-ph-Tpy powder for 24 h to an ethanolic solution (10 mM, 10 mL) that contained 1

equivalent of CoCl2'6H20 with respect to the attached ligand, Tpy-ph. Upon isolation of the
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modified CIM carbon by centrifugation, the resulting powder was reacted with 10 mL of 10 mM
terpyridine ethanolic solution (1 equivalent relative to CIM-ph-Tpy-Co(II)) for 3 h, followed by
isolation of the desired CIM-ph-Tpy-Co(Il)-Tpy powder. Analysis by inductively-coupled
plasma—optical emission spectrometry (ICP-OES) showed that the thus obtained CIM-ph-Tpy-
Co(II)-Tpy contained 0.387 wt % cobalt (corresponding to 0.079 atom %). This amount of cobalt
corresponds to a 13% monolayer coverage.

In the final synthesis step, the thus obtained CIM-ph-Tpy-Co(Il)-Tpy was partially oxidized
by exposure to a solution of ferrocenium tetrakis(3-chlorophenyl)borate in cyclohexane. The total
amount of the ferrocenium was chosen to be sufficient to convert half of the Co(Il) to Co(III),
producing a Co(III/IT) redox buffer with a 1:1 mixture of Co(IIl) and Co(II). We chose ferrocenium
as the oxidizing reagent because the reaction of Co(Il) with ferrocenium gives ferrocene, an
electrically neutral species that does not interfere with any ion equilibria and does not affect the
emf.3! Therefore, any residual ferrocene left in an ion-selective membrane by the time the ISE is
being used does not affect the sensor’s performance. Moreover, due to its limited lipophilicity,
distribution of any remaining ferrocene into the conditioning solution is expected, and oxidation
of ferrocene in the aqueous environment by ambient oxygen to the more hydrophilic ferrocenium
provides a thermodynamic sink that would further enhance the transfer of ferrocene out of the
sensing membranes. Tetrakis(3-chlorophenyl)borate was chosen as the counter ion of the
electrically charged ferrocenium reagent because, after the redox reaction, this anion remains
associated with the surface-bound Co(III/I) complexes. Because tetrakis(3-chlorophenyl)borate
is also the ionic site used to control the potentiometric selectivity of all sensing membranes
described in this work, use of the ferrocenium tetrakis(3-chlorophenyl)borate as oxidizing reagent

also avoids any subsequent ion exchange with samples.
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We wish to emphasize that the selection of this particular oxidizing reagent is quite critical to
a good performance of the final SC-ISEs. Specifically, we previously used elemental bromine, Bra,
to successfully oxidize Co(II)complexes for use in redox buffers.? 3° However, the use of an
excess of bromine can be problematic due to its high reactivity. Moreover, when we used in
preliminary experiments bromine as the oxidizing reagent for surface-bound Co(II), the resulting
surface-bound Co(III) complexes were associated with bromide as counterions, which for reasons
of electroneutrality cannot be removed by washing with a solvent. When a sensing membrane was
subsequently applied onto a carbon surface modified this way, persistent emf drifts were observed.
A possible explanation for this observation may be the presence of bromide at the interface of the
sensing membrane and the CIM carbon, which may enter the ISM by ion exchange with ionic sites
and, subsequently, with anions in samples, giving rise to transmembrane ion fluxes.

We conclude that the electroless fabrication of CIM-ph-Tpy-Co(Il)-Tpy using ferrocenium
tetrakis(3-chlorophenyl)borate, as described above, is likely the most convenient method for the
fabrication of large numbers of sensors, such as in mass manufacturing. However, we note that
CIM-ph-Tpy-Co(II)-Tpy can also be prepared by electrochemical grafting of Tpy-ph-N>" onto a
glassy carbon electrode (see the Supporting Information).

Cyclic Voltammetry (CV) of the Surface-Attached Tpy-Co(I1I/II)-Tpy-ph. Because of the
mesoporous structure of CIM-ph-Tpy-Co(II)-Tpy, peaks for surface-bound redox-active species
are difficult to assign in cyclic voltammograms with CIM carbon electrodes. Therefore, to confirm
the formation of the surface-attached Tpy-Co(III/I)-Tpy-ph complexes, we also attached these
complexes to planar glassy carbon electrodes (GCEs) rather than CIM carbon (for experimental

details, see the Supporting Information).
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GCE-ph-Tpy-Co(II) was prepared by electrochemically grafting the ph-Tpy ligand to GCEs,
followed by soaking GCE-ph-Tpy in ethanolic CoClz solution. Figure 2 shows the CV curve
obtained in 0.1 M TEABF4/MeCN with a Ag/Ag"* reference and a Pt counter electrode within the
potential range of —0.5 to +0.5 V vs. Ag/Ag*. GCE-ph-Tpy-Co(Il) did not show any prominent
redox couple between —0.5 and +0.5 V, where the bis(terpyridine) complex Tpy-Co(II/II)-Tpy
would appear, even when considering a possible slight shift in potential due to the different ligand
environment (Tpy vs. Tpy-ph). This result implies that Co(II) was indeed incorporated in the
functionalized GCE as a mono(terpyridine), that is, GCE-ph-Tpy-Co(II).

The GCE-ph-Tpy-Co(Il) electrode was then immersed in 1 mM Tpy ethanolic solution for 3 h
to attach Tpy as the capping ligand. The CV of GCE-ph-Tpy-Co(II)-Tpy shows a distinct Tpy-
Co(III/IT)-Tpy redox couple at —0.02 V (Figure 2). A surface coverage of 1.0x10'! mol was
calculated by integrating the cathodic peak area from the CV curve. This value is close to the
expected amount of Tpy-Co(III/I)-Tpy-ph in a monolayer on a planar GCE of this size (9.7x10!2

mol).
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Figure 2. Cyclic voltammograms of the GCE-ph-Tpy-Co(Il) and GCE-ph-Tpy-Co(Il)-Tpy

electrodes at 100 mV/s in acetonitrile. Shown are two full scan cycles for each electrode.

We note that the selection of the solvent for this voltammetric characterization is critical.
Attempting the same type of experiment with dimethylformamide as solvent, we observed
dissociation of the terpyridine ligand from GCE-ph-Tpy-Co(II)-Tpy during the approximately 20
min needed for degassing of the solution with argon (for further details, see the Supporting
Information). To study this effect further, CVs were measured to monitor the intensity of the GCE-
ph-Tpy-Co(III/IT)-Tpy redox peaks after GCE-ph-Tpy-Co(II)-Tpy electrodes were exposed to
several solvents for varying time periods (see Figure S11 and Table S2 of the Supporting
Information). Exposures to DMF and acetonitrile resulted in a significant decrease after only 5
min, while complex dissociation was much slower in EtOH, H>O, and 1,2-dichloroethane. All of
these solvents have a rather high polarity, with dielectric constants >10. In cyclohexane, a solvent
of low polarity with a dielectric constant of 2.0, the intensity of the GCE-ph-Tpy-Co(IlI/I)-Tpy
peak did not decrease after 19 h, indicating greater stability of the complex in cyclohexane. We
conclude that solvents of high polarity should be avoided in the fabrication and characterization of
SC-ISEs comprising the surface-attached Tpy-Co(I1I/IT)-Tpy-ph redox buffer. Indeed, the stability
of the bis(terpyridine) complexes of Co(III) and Co(II) is one of the reasons why we chose to use
for this work tridentate terpyridine ligands, rather than the bidentate ligands of earlier work with
freely dissolved tris(phenanthrene) and tris(bipyridine) complexes of Co(III) and Co(II).2% 3% 37

Potential Stability and Reproducibility of CIM-ph-Tpy-Co(I1I/II)-Tpy-Based SC-ISEs.
The cobalt redox buffer functionalized CIM carbon was used to prepare solid-contact ISEs
comprising sensing membranes with valinomycin as K* ionophore and Dow 3140 as the polymeric

membrane matrix. For comparison, three different electrode assemblies were used: (i) a graphite
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rod coated directly with the ISM (graphite/ISM), (ii) a graphite rod coated with a non-
functionalized CIM carbon intermediate layer and an ISM (graphite/CIM carbon/ISM), and (iii) a
graphite rod coated with a cobalt redox buffer functionalized CIM carbon layer and an ISM

(graphite/CIM-ph-Tpy-Co(III/IT)-Tpy/ISM). The potentiometric K* calibration curves of these

electrodes are shown in Figure 3 and summarized in Table 1.
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Figure 3. Potentiometric K response curves of Dow 3140 SC-ISEs with different electrode types,
namely (A) graphite/ISM, (B) graphite/CIM carbon/ISM, and (C) graphite/CIM-ph-Tpy-

Co(ITI/T1)-Tpy/ISM. For comparison, (D) plasticized PVC SC-ISEs with CIM-ph-Tpy-Co(I1I/II)-

Tpy.
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Table 1. Potentiometric K* response values of SC-ISEs with different electrode types.

graphite/CIM carbon with ~ graphite/CIM graphite/ISM“¢  glassy carbon/CIM carbon

clectrode type redox buffer/ISM ¢ carbon/ISM @ with redox buffer/ISM?
E° (mV)e 645 (= 3.5) 348 (£ 11.5) 210 (£ 23.0) 483 (£0.3)
Slope (mV/decade) 59.9 (x0.4) 579 1.2) 57.6 (£0.7) 56.8 (£0.4)

¢ Dow 3140 as membrane matrix. ® Plasticized PVC as membrane matrix. ¢ The E° value represents the potential of

the ISE cell obtained by extrapolating the linear portion of the emf response to 1.0 M K*.

As shown in Figure 3, E° reproducibility (that is, the standard deviation of £°) was significantly
different for the three electrode types. In the absence of a CIM carbon solid contact, the
graphite/ISM electrode does not have a well-defined interfacial potential, which resulted in a large
E° standard deviation of 23 mV (Figure 3A). When non-functionalized CIM carbon was included
as a solid contact, electrodes showed an improved E° reproducibility of 11.5 mV (Figure 3B). This
was further reduced to an E° standard deviation of 3.5 mV by use of the CIM carbon functionalized
with the attached redox buffer (Figure 3C). Moreover, the electrode potential of ISEs with a
Co(III/IT) redox buffer solid contact lies approximately half way between those of ISEs with a
solid contact modified with either only Co(II) or Co(III) complexes. This, along with a markedly
improved electrode reproducibility, confirms the successful oxidation of the Co(III/IT) complex
with the ferrocenium tetrakis(3-chlorophenyl)borate reagent (see Figure S6 in the Supporting
Information). This shows that the Co(III/Il) redox buffer was effective in defining the phase
boundary potential at the interface of the CIM carbon and the sensing membrane. Based on the
amount of the redox buffer in the modified CIM carbon, the redox capacitance at the current peak
of the redox couple was calculated to be 3.26 F/g.

According to the newest U.S. Code of Federal Regulations, the maximum acceptable

measuring error for K* detection in clinical laboratories is = 0.3 mM.> In the normal K*
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concentration range in human blood of 3.5-5.5 mM,>* this corresponds to an E° difference of
approximately 1.7 mV. This value is smaller than the standard deviation of E° of = 3.5 mV for the
SC-ISEs with the CIM-ph-Tpy-Co(III/II)-Tpy solid contact and the Dow 3140 silicone. Therefore,
we wondered whether any improvement in the redox buffer design could improve the E°
reproducibility, or whether factors unrelated to the redox buffer had a larger impact on the E°
reproducibility.

In order to investigate this, the performance of ISEs with cobalt redox buffer functionalized
CIM carbon solid contacts and plasticized PVC sensing membranes were measured too (Figure
3D). Interestingly, ISEs comprising Co(III/IT) redox buffer and plasticized PVC as membrane
matrix exhibited a very low standard deviation for £° of + 0.3 mV (n = 3). This indicates that the
cause for the lower reproducibility of £° for the SC-ISEs with CIM carbon solid contacts, surface-
bound redox buffer, and Dow 3140 silicone membranes is related to the silicone membrane matrix.

We note that Figures 3A and 3B exhibit a detection limit that is lower than what is often

observed for K' ISEs and, in particular, what is shown in Figures 3C and 3D for the ISEs with the

Co(1II/II) CIM carbon solid contacts. The slightly super-Nernstian response near the detection

limit, as it can be seen in Figures 3A and 3B, suggests the presence of an ion flux from the sample

into the ISM., possibly caused by the use of the graphite rod. In real-life applications, there is only

limited interest in K' sensing at the low micromolar level, but it will be interesting to observe in

future work with ionophores for other target ions whether this observation is limited to K* or not.

To assess the stability of E° under ambient conditions, the effects of O, and CO> were
investigated. For this purpose, CIM-ph-Tpy-Co(I1I/II)-Tpy-based SC-ISEs were immersed ina 1.0
mM KCI solution, and potentiometric measurements were performed while bubbling these gases

into the sample solution over 30 min, followed by analogous purging with Ar to remove O,. As
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illustrated by Figure S7, exposure to Oz or CO; did not result in any observable potential shifts,
consistent with the control of the phase boundary potential at the interface of the membrane and
the CIM carbon by the Co(III/II) redox buffer.

Long Term Stability of CIM-ph-Tpy-Co(I1I/II)-Tpy-Based SC-ISEs. In our previous work,
when doping a redox buffer into plasticized PVC membrane, emf drifts of the electrodes were
measured over 70 h and were as low as 1.3 uV/h.’” Longer term experiments were not performed
because of the leaching of redox buffer out of the membrane to the sample. Now the problem has
been successfully solved by covalently attaching the cobalt redox buffer to the CIM carbon solid
contact. Therefore, long-term stabilities of the ISEs with cobalt redox buffer functionalized CIM
carbon as solid contact and Dow 3140 or plasticized PVC as sensing membrane matrix were
measured over 30 days in 1 mM KCI solution at 25 °C. As shown in Figure 4, the electrodes
maintained a good reproducibility from electrode to electrode, with = 5.6 mV for the standard
deviation of E° for Dow 3140 membrane even after 30 days. The initial 100-hour period also
demonstrates remarkable reproducibility in the performance of plasticized PVC membrane
electrodes, characterized by a minimal variation of = 2.8 mV between electrodes. However, a
discernible reduction in this reproducibility becomes evident as time elapses. This observed
decline in reproducibility may be attributed to the setup employed with the plasticized PVC
electrodes. In contrast to the effective sealing achieved with silicone membranes and glass
electrode bodies, the PVC electrodes utilize an alternate configuration where the solid contact and
membrane are mounted onto the electrode surface with cylindrical electrode bodies, with an o-ring
in between the electrode body and ISM. Over time, it is plausible that this setup may eventually
fail. One solution to prevent this would be to mount the glassy carbon electrodes into a Tygon tube

before applying the modified CIM carbon and ISM, as similarly reported previously.*
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By comparing the drift behavior between the electrodes with the two different polymeric
matrixes, it is obvious that Dow 3140 membranes need longer time to stabilize as compared to
PVC membranes, which might be caused by impurities of the silicone slowly leaching into the
sample or by continued curing of the silicone membrane. Plasticized PVC membranes typically
achieve stabilization more quickly. However, over time, it is possible that the covalent binding of

the silicone membrane to the glass body provides for a better seal.
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Figure 4. Long term stability of the cobalt redox buffer functionalized Dow 3140 SC-ISEs and

plasticized PVC SC-ISEs measured over 30 days in 1 mM KCI solution at 25 °C.

CONCLUSIONS

In this work, a cobalt redox buffer was fabricated using a multi-step process comprising the
synthesis of a diazonium derivative of terpyridine (Tpy-ph-N>"), its covalent attachment to CIM
carbon, binding of Co(II) to the surface-attached terpyridine ligands, formation of an octahedral
Co(II) complex by reaction with a second terpyridine ligand, and partial oxidation of the surface-
attached Co(II) complex to CIM-ph-Tpy-Co(IlI/I)-Tpy. The CIM carbon functionalized with the

cobalt redox buffer was then used as solid-contact material to improve the reproducibility of
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electrode potentials in SC-ISEs. By stabilizing the interfacial potential between the solid contact
and the ISM, K*-selective SC-ISEs with plasticized PVC ISMs were constructed with a standard
deviation of £° as low as 0.3 mV, which suggests the use for calibration-free applications.

When using Dow 3140 silicone as membrane matrix, the £° reproducibility was also enhanced
by use of the surface-attached redox buffer, but with a standard deviation of 3.5 mV the
improvement was not as pronounced as for the SC-ISEs with plasticized PVC membranes. We
conclude that the E° reproducibility is likely not limited by the redox buffer design but by the
silicone membrane itself, which may slowly leach impurities into samples or may take very long
to completely cure chemically. The benefits of ISEs with silicone membranes became evident
though in long-term experiments over 30 days, in which these SC-ISEs exhibited drifts smaller
than those observed for electrodes with plasticized PVC membranes.

The advantages of covalently attaching a redox buffer to avoid leaching into sample solutions
have been recognized previously by Kozma and co-workers, who prepared a TEMPO*/TEMPO*
redox buffer in situ by partial electrochemical oxidation.!”-?® In the current work, partial oxidation
of CIM-ph-Tpy-Co(II)-Tpy was performed electroless by use of the new reagent ferrocenium
tetrakis(3-chlorophenyl)borate, which may be more amenable to large-scale fabrication of such
devices. Long-term potential drift of SC-ISEs with the CIM-ph-Tpy-Co(IlI/Il)-Tpy redox buffer
are approximately one order of magnitude smaller than reported drifts!”-?® for SC-ISEs comprising
TEMPO'/TEMPO?’, but further studies will be required to clarify whether this can be explained by
the inherent nature of the two redox buffer systems or whether that was caused by other differences

in electrode design and characterization.
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