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CHAPTER 1: Dissertation Overview 

INTRODUCTION 

 The following chapters of research presented in this dissertation are focused on the 

application of electrochemistry for the fundamental understanding, development, and 

application of electrochemical sensors. In particular, my research focused on the 

development and understanding of reference electrodes and ion-selective electrodes for 

potentiometric sensing applications. The following sections and sub-sections of Chapter 1 

will outline the importance of each type of electrode to potentiometry and provide an 

overview of my contributions to this area by chapter. 

POTENTIOMETRIC MEASUREMENTS 

 Potentiometry is the measurement of the electrical potential of an electrochemical 

cell. These measurements are achieved through the use of a two electrode cell comprised 

of a reference and ion-selective electrode (see Figure 1).1 

 

Figure 1. Schematic of a potentiometric cell. 

 These two electrodes are connected in series with a potentiostat, which allows for 

the potential of the electrochemical cell (sum of both half-cell potentials) to be measured. 

Specifically, the potentiostat contains a resistance, R1, that has a much larger electrical 

resistance than either the reference or ion-selective electrode (Figure 2). 
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Figure 2. Electrical schematic of a potentiometric cell. 

Due to this large resistance (typically 1015 Ω), a negligible current flows through 

the electrochemical cell, and potentiometric measurements can typically be assumed to 

have zero current. That results in an overall potential of the potentiometric cell of 

E (mV) = V1 + V2 (1) 

where E is the measured potential, V1 is the potential of the ion-selective electrode, and V2 

is the potential of the reference electrode. 

 To apply this type of potentiometric cell for the measurement of ion concentrations, 

it is desirable to have an ion-selective electrode potential (V1) that varies only with the 

concentration of a desired analyte and a reference electrode potential (V2) that does not 

vary based on the composition of samples. This ideal scenario results in a measured 

potential that is simply a function of analyte concentration, 

E (mV) = V1[analyte] (2) 

However, this seemingly simple ideal is rarely achieved in practice and represents the 

majority of the work presented in the following chapters. That is, the following chapters 

will describe the development of ion-selective electrodes that have potentials that vary 
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according to the concentration of a desired analyte and the development of reference 

electrodes that have potentials that are invariant in any type of sample. 

REFERENCE ELECTRODES 

Reference electrodes are designed to allow for reproducible and invariant potentials 

when in contact with any type of sample solution. This is however not the case for many 

types of reference electrodes used in both academic and commercial settings. Reference 

electrodes presented in this dissertation can be divided into two main categories, liquid 

junction and ionic liquid-based reference electrodes. These two categories do not represent 

a complete description of all reference electrode types, and interested readers are 

encouraged to consult reference #2. 

Liquid Junction Reference Electrodes. 

The most common type of reference electrode contains a concentrated salt solution 

that makes both physical and electrical contact with sample solutions through a salt bridge.2 

This salt bridge can take many different forms, but each acts to ensure electrical contact. 

Where these two solutions meet, a liquid junction potential forms that depends on the 

concentrations, mobilities, and charges of all ions in both the reference electrode and in the 

sample (Figure 3).  

 

Figure 3. Illustration of the development of a liquid junction potential from a 

concentrated KCl filled reference electrode. 
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This liquid junction potential can be calculated theoretically and removed from 

potentiometric measurements when the composition of all solutions is known.3-4 However, 

when entire sample compositions are unknown, this potential cannot be calculated and 

thereby limits the reproducibility of this type of reference electrode in changing sample 

compositions. Electrolyte solutions within reference electrodes are chosen so that the 

cation and anion have matched mobilities. By doing so, changes in liquid junction 

potentials with sample composition can be minimized.1 

Nevertheless, in order to develop reference electrodes that last for longer periods 

of time, porous materials have been used to slow the flow of reference electrode solutions 

into samples. This adds additional complications to maintaining invariant and reproducible 

reference potentials, and associated problems typically go unnoticed as errors are attributed 

to the measuring or ion-selective electrode. To determine the cause of these problems, 

potentials of reference electrodes can be directly monitored against a free-flowing 

reference electrode (with which contributions from liquid junction potentials can be 

minimized; Figure 4).5  

 

Figure 4. Image and schematic of a free-flowing reference electrode. 

This type of measurement allows for the separation of V1 and V2. This is described 

in detail throughout Chapter 2 and 3:  
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CHAPTER 2: Avoiding Errors in Electrochemical Measurements: Effect of Frit Material 

on the Performance of Reference Electrodes with Porous Frit Junctions 

CHAPTER 3. More than a Liquid Junction: Effect of Stirring, Flow Rate, and Inward 

and Outward Electrolyte Diffusion on Reference Electrodes with Salt Bridges Contained 

in Nanoporous Glass 

 Based on the results presented in Chapter 2 and 3, it is apparent that nanoporous 

glass frits (5 – 20 nm pores) cause substantial complications (i.e., charge screening).6 In 

addition, diffusional transport and not solution flow dominates the movement of ions into 

and out of bridge electrolyte contained in nanoporous supports, which leads to significant 

contamination and depletion of bridge electrolyte that may occur over short time periods 

(~ 1 h). To reduce the influence of each of these, I investigated the use of porous frits with 

larger pore diameters as presented in Chapter 4: 

CHAPTER 4. Critical Comparison of Reference Electrodes with Salt Bridges Contained 

in Nanoporous Glass with 5, 20, 50, and 100 nm Diameter Pores 

By increasing pores sizes from 5- 20 nm to 50 -100 nm, changes in potentials due 

to charge screening are removed, but reference electrode flow rates are still too low to 

avoid contamination and depletion of bridge electrolyte. Further increases in pore sizes to 

500 nm and larger result in large flow rates that require routine refilling and significantly 

contaminates samples.6  

These systematic considerations determined in the studies described in Chapters 2-

4 suggest two alternatives to the use of nanoporous glass frits. (i) Non-glass materials with 

reduced surface charges and (ii) capillaries that contain a reference electrode salt bridge. 

The results of each of these alternatives is presented in Chapters 5-6: 
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CHAPTER 5. Functionalized Mesoporous Polymers with Enhanced Performance as 

Reference Electrode Frits 

CHAPTER 6. Easy-to-Make Capillary-Based Reference Electrode with Controlled, 

Pressure-Driven Flow 

Ionic Liquid-Based Reference Electrodes. 

As an alternative to reference electrodes based on the interface of two miscible 

electrolyte solutions, reference electrodes that contain an interface of hydrophobic ionic 

liquids with aqueous sample solutions can be used. This type of electrode has been reported 

in the literature to provide stable reference potentials over wide ranges of sample 

composition.7-11  

The electrochemical process by which this type of electrode provides stable 

potentials is similar to that of aqueous electrolyte based reference electrodes. At the 

interface of a hydrophobic ionic liquid and an aqueous sample a potential develops as the 

ionic liquid slowly dissolves into the sample (Figure 5). 

 

Figure 5. Illustration of the development of electrical potentials at the interface of a 

hydrophobic ionic liquid and aqueous sample solution. 

Nevertheless, these electrodes have not been widely adopted, neither in academia 

nor industry, which is in part due to their cumbersome preparation. Therefore, we 

developed a facile preparation of ionic liquid-based reference electrodes using a 



7 
 

polymerization-induced microphase separation strategy. This technique enables the single-

step synthesis of self-supporting, ready-to-use reference electrodes exhibiting good 

reference potential stability and reproducibility. The details of this study are presented in 

Chapter 7: 

CHAPTER 7. Self-supporting, Hydrophobic, Ionic Liquid-Based Reference Electrodes 

Prepared by Polymerization-Induced Microphase Separation 

 In addition to self-supporting reference electrodes based on ionic liquids, it is also 

desirable to develop these electrodes so that they can be covalently attached to inert 

substrates. To address this problem, we designed a sensing platform based on inexpensive 

poly(ethylene terephthalate) substrates to which polymethacrylate-based reference 

membranes can be attached covalently. Ionic liquid-based reference electrodes prepared in 

this way exhibit much improved long-term performance. Even extreme mechanical stress 

does not result in the delamination of the reference membranes from the underlying 

substrate. The details of this study are presented in Chapter 11: 

CHAPTER 11: Elimination of Membrane Delamination: Solid-Contact Ion-Selective 

and Reference Electrodes Covalently Attached to Functionalized Poly(ethylene 

terephthalate) 

ION-SELECTIVE ELECTRODES 

Response Mechanism of Ion-Selective Electrodes. 

Ion-selective electrode (ISEs) are designed to have a potential, V1, that varies with 

the activity of a target ion. To achieve this, ion-selective membranes are developed so that 

the phase boundary potential, ∆ΦPB, at the interface of the sample and an ion-selective 

membrane is a function of the target ion concentration: 
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∆ΦPB = Φ
o – R𝑇𝑇

𝑧𝑧F
 ln (asample / amem) (3) 

where R is the ideal gas constant, T is the temperature, F is Faraday’s constant, Φ
o is a 

constant that depends on the ion-selective membrane, z is the charge of the target ion, and 

asample and amem are the activities of the target ion within the sample and the membrane 

phase, respectively. To ensure this phase boundary potential varies with the activity of the 

target ion in the sample, membrane materials are chosen so that amem is constant by 

including into the membrane matrix a hydrophobic ion of the opposite charge to the target 

ion (ionic sites). This leads to the simplification of eqn. 3 to: 

∆ΦPB = ∆Φo’ – R𝑇𝑇
𝑧𝑧F

 ln asample (4) 

which shows that the phase boundary potential depends linearly on the logarithm of the 

activity of target ion within the sample. Interested readers are referred to references 12-14 

for complete details of ISEs.12-14 

Impedance Spectroscopy. 

Electrochemical impedance spectroscopy (EIS) has been used to study ion-

selective electrode membranes since the 1980s, most recently with four-electrode cells. 

However, four-electrode EIS suffers from impedance artifacts, which is all too often 

overlooked by users. Moreover, even though four-electrode cells are generally expected to 

provide data of higher quality than three- or two-electrode cells, they are sometimes 

avoided by users due to the difficulty of introducing a fourth electrode into an existing 

device, as for example in the case of solid-contact ISEs. 

Unfortunately, the literature did not contain any comprehensive text that discusses 

the effect of the experimental setup on artifacts in impedance spectra of ion-selective 

membranes or other electrochemical devices with a high resistance. In particular, 
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impedance artifacts in measurements of ion-selective membranes or electrochemical 

devices of high resistance using four-electrode cells had not been discussed in the literature 

prior to this work. Moreover, a comparison of artifacts in EIS spectra obtained with two-, 

three-, and four-electrode cells had not been reported in the literature. Therefore, we 

provided an intuitive understanding of the cause of low and high frequency artifacts when 

measuring impedance spectra of ion-selective membranes in cells with two, three, or four 

electrodes. In addition, we reported methods to reduce and/or avoid artifacts as well as 

methods to properly fit data affected by artifacts, so as to permit correct data interpretation. 

The full details of this study are presented in Chapter 8: 

CHAPTER 8: Electrochemical Impedance Spectroscopy of Ion-Selective Membranes: 

Artifacts in Two-, Three-, and Four-Electrode Measurements 

Fluorous Phase Ion-Selective Electrodes. 

 The fluorous phase is the least polarizable condensed phase known. This phase is 

characterized by perfluorinated compounds that are immiscible with common nonpolar 

solvents. Its low polarizability is due to the properties of fluorine-carbon bonds which 

cause the compounds to have very weak London dispersion interactions. Using the π* 

polarizability scale, perflurooctane has a value of -0.41 where dimethylsulfoxide and 

cyclohexane have values of 1 and 0 respectively.15-16 This low polarizability has been used 

by the Buhlmann Group to reduce biofouling and increase the selectivity of ISEs by 

reducing interfering ion solubility in the sensing phase.17-19 Although, the fluorous phase 

is useful to reduce biofouling, conductivity of fluorophilic electrolyte solutions is relatively 

low due to poor ion solvation and ion pair formation.20 Previous efforts to reduce the 

electrical resistance of fluorous solvents have used large ions that contain perfluoroalkyl 
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ponytails and shielded charges. They permit for the dissolution of the salt in the fluorous 

phase, allowing for increased electrical conductivity. 

 Interestingly, EIS measurements of the ionic conductivity of 

perfluoro(perhydrophenanthrene) solutions of a fluorophilic tetrabultyammonium salt 

indicate that ion pairs, triple ions, and higher ionic aggregates dominate over single ions 

due to the formation of R3N+–C(R)–H···NR3 type hydrogen bonds. Details of this unique 

property in the fluorous phase are presented in Chapter 9: 

CHAPTER 9. Ion Aggregation and R3N+–C(R)–H···NR3 Hydrogen Bonding in a 

Fluorous Phase 

In addition to the fluorous phase increasing the selectivity of ISEs, using fluorous 

phase ion-selective membranes inherently provides excellent selectivity toward charged 

per- and polyfluoroalkyl substances. This property was used to monitor the sequestration 

of perfluorooctylsulfonate (PFOS) from the environment as part of environmental 

remediation. Using fluorous ISEs, the quantitative binding of PFOS to polyquaternium 

polymers in the presence of soil was measured in real-time. By using ISEs, measurements 

of the free concentration of PFOS can be made in situ. This allows for the quantitative 

prediction of the concentrations of polymers that are needed for sequestration in 

environmentally relevant conditions. Our results presented in Chapter 10 demonstrate that 

PFOS binds more weakly to soil-bound polymers than to the freely dissolved polymers and 

directs further optimization of PFOS remediation techniques: 

CHAPTER 10. Remediation of Perfluorooctylsulfonate Contamination by In-Situ 

Sequestration: Direct Monitoring of PFOS Binding to Polyquaternium Polymers 
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Polyion Sensing with Ion-Selective Electrodes. 

Due to the widespread use of polyquaternium polymers, they are now present in a 

variety of aquatic ecosystems, necessitating analytical methods for their measurement and 

monitoring in both environmental and industrial settings. Because polyquaternium ions 

have no distinctive UV-vis or IR absorbing groups and show only broad peaks in NMR 

spectra, they are surprisingly difficult to detect by spectroscopy. Chromatography of 

polyquaternium polymers is complicated by the fact that commercial products contain 

polymeric molecules with a range of molecular weights and, therefore, different charges. 

To that end, a variety of electrochemical methods have been proposed for the determination 

of polyquaternium polymer concentrations. However, the previously developed 

electroanalytical methods use either irreversible potential responses or reversible potential-

driven extraction into and out of polymeric sensing membranes that complicates 

measurements. 

We developed a technique for the indirect detection of a representative 

polyquaternium polymer, poly(dimethylamine-co-epichlorohydrin) chloride, using an 

approach that is arguably less complicated than prior electrochemical methods for polyion 

detection, which we believe offers notable advantages for routine analysis. This technique 

relies on equilibrium binding between the polyquaternium polymer and a hydrophobic 

anionic surfactant, such as 1-dodecyl sulfate (DS). By use of a singly charged anionic 

surfactant, the concentration of the freely dissolved (not bound) surfactant can be directly 

monitored through the equilibrium Nernstian response of ISEs with plasticized PVC anion-

exchange membranes. This technique simplifies the determination of polycation 

concentrations as it (i) does not entail a second type of polymer, (ii) relies on an equilibrium 
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rather than a non-equilibrium response of the ISE to the monovalent surfactant, and (iii) 

does not require regeneration of the electrode prior to subsequent measurements. Details 

of this polyion detection technique are presented in Chapter 11: 

CHAPTER 11. Indirect Potentiometric Determination of Polyquaternium Polymer 

Concentrations by Equilibrium Binding to 1-Dodecyl Sulfate 

Covalently Attached Ion-Selective Membranes. 

Numerous ion-selective and reference electrodes have been developed over the past 

~100 years to measure the concentrations of a variety of ions. Recently, following the needs 

of point-of-care and wearable sensors, designs have transitioned from bulky devices with 

an aqueous inner filling solution (e.g., pH electrodes) to planarizable solid-contact 

electrodes. However, unless their polymeric sensing and reference membranes are held in 

place mechanically, delamination of the physically adhering membranes limits sensor 

lifetime, as even minimal external mechanical stress or thermal expansion can result in 

membrane delamination and, thereby, device failure. To address this problem, we designed 

a sensing platform based on inexpensive polymers to which membranes are attached 

covalently through photopolymerization. Even extreme mechanical stress does not result 

in the delamination of the sensing and reference membranes from the underlying polymer, 

which results in electrodes that exhibit much improved long-term performance and greatly 

reduced size. This method of sensor preparation is broadly applicable to a wide range of 

electrode types and allows for long-term measurements of numerous ions that are of 

environmental and medical significance. Full details of this work are presented in Chapter 

12: 
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CHAPTER 12: Elimination of Membrane Delamination: Solid-Contact Ion-Selective 

and Reference Electrodes Covalently Attached to Functionalized Poly(ethylene 

terephthalate) 

GRADUATE STUDENT STRESS AND MENTAL HEALTH 

With increasing pressure on students to carry out novel research, publish articles, 

learn a broad range of skills, and look for career opportunities, the levels of stress, anxiety, 

and depression among graduate students are on the rise. For tackling these issues, an 

approach was adopted at the University of Minnesota - Department of Chemistry that 

heavily relies on the involvement of graduate students, Chem. Dept. faculty, and the 

University’s health system. Details of our ongoing work in this area are described in 

Chapter 13: 

CHAPTER 13. Stress and mental health in graduate school: How student empowerment 

creates lasting change 
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CHAPTER 2: Avoiding Errors in Electrochemical Measurements: 

Effect of Frit Material on the Performance of Reference Electrodes with 

Porous Frit Junctions 

Adapted from: 

Avoiding Errors in Electrochemical Measurements: Effect of Frit Material on the 

Performance of Reference Electrodes with Porous Frit Junctions, Mousavi, M.; Saba, S.; 

Anderson, E. L.; Hillmyer, M.; Buhlmann, P., Anal. Chem. 2016, 88, 8706-8713  

Reproduced by permission of American Chemical Society. 

Copyright © 2016 American Chemical Society 

 

Contribution: 

This author measured the potential of reference electrodes in aqueous and organic 

electrolyte solutions. 
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SYNOPSIS 

In many commercially available and in-house-prepared reference electrodes, 

nanoporous glass frits (often of the brand named Vycor) contain the electrolyte solution 

that forms a salt bridge between the sample and the reference solution. Recently, we 

showed that in samples with low ionic strength, the half-cell potentials of reference 

electrodes comprising nanoporous Vycor frits are affected by the sample and can shift in 

response to the sample composition by more than 50 mV (which can cause up to 900% 

error in potentiometric measurements). It was confirmed that the large potential variations 

result from electrostatic screening of ion transfer through the frit due to the negatively 

charged surfaces of the glass nanopores. Since the commercial production of porous Vycor 

glass was recently discontinued, new materials have been used lately as porous frits in 

commercially available reference electrodes, namely frits made of Teflon, polyethylene, or 

one of two porous glasses sold under the brand names CoralPor and Electro-porous KT. In 

this work, we studied the effect of the frit characteristics on the performance of reference 

electrodes, and show that the unwanted changes in the reference potential are not unique 

to electrodes with Vycor frits. Increasing the pore size in the glass frits from the <10 nm 

into the 1 µm range or switching to polymeric frits with pores in the 1 to 10 µm range 

nearly eliminates the potential variations caused by electrostatic screening of ion transport 

through the frit pores. Unfortunately, bigger frit pores result in larger flow rates of the 

reference solution through the pores, which can result in the contamination of test solutions. 

INTRODUCTION 

Reference electrodes are designed to provide a constant and sample-independent 

reference potential and are used for measurements with almost every electrochemical 
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method (e.g., potentiometry, amperometry, voltammetry).2, 21 A constant potential is 

achieved by employing an electrochemical half cell comprising a redox couple, with 

buffered concentrations for all the participating reactants of the redox reaction. The most 

common redox system for reference electrodes used in aqueous media is Ag/AgCl/Cl-, 

where the metal is in contact with the AgCl precipitate and is immersed in an AgCl-

saturated aqueous solution of potassium chloride (usually 1–3 M).5, 21-22 Reference 

electrodes for measurements in organic media usually contain a Ag/Ag+ redox system, i.e., 

a Ag wire is immersed in a AgNO3 solution of an organic solvent.2, 21  

To allow accurate electrical measurements, reference and sample solutions should 

be brought into contact using a junction with low electrical resistance,5, 23 but to avoid 

cross-contamination of the sample and reference solutions, intermixing of these solutions 

at the junction should be minimized.5 A common approach for satisfying both of these 

criteria is based on the separation of the reference and sample solutions by a porous 

material filled with an electrolyte (which is usually the same electrolyte as used in the 

reference solution).22 Porous glass frits with a high density of nanopores (4.0 nm average 

pore size)24 were made commercially available under the brand name Vycor and were first 

recommended for use in reference electrodes in 1955.25 Nanoporous Vycor offered the 

advantage of restricting excessive mass transfer of reference and sample components 

across a stable low-resistance junction.23, 25 Since then, Vycor has been widely used for the 

fabrication of both in-house-prepared and commercial reference electrodes.22-25 

Unfortunately, until very recently, there have been no systematic studies investigating the 

performance and limitations of reference electrodes with nanoporous frits.22, 26  
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In 2013, we reported on systematic errors in measurements made with reference 

electrodes that contain nanoporous Vycor frits.22 We showed that the reference potential 

of these electrodes depends on the sample composition and can change in response to 

sample ions by as much as 50 mV.22 While some electrochemical measurements are less 

affected by the potential of the reference electrode, a 50 mV change in reference potential 

can cause substantial errors in others, e.g., causing up to 900% error in the potentiometric 

determination of monovalent ions.14 These variations in the reference potential are caused 

by the surface charge density on the glass surface of the nanoporous Vycor glass (which is 

negatively charged in all but the most acidic solutions) and are highly affected by the ionic 

strength of the sample solution.22, 27 The Debye length, a measure of the distance over 

which electrostatic forces decay in an electrolyte solution that is inversely proportional to 

the square root of ionic strength,27-28 approaches dimensions greater than the pore size of 

the frit when a sample has a low ionic strength. This results in electrostatic screening and 

prevents ion transport from the sample into the nanoporous frit.22 For example, the Debye 

length in a 1.0 mM KCl solution is 9.6 nm, which is substantially larger than the 4.0 nm 

average pore size of Vycor glass frits.28 This phenomenon was also reported for several 

other nanostructured materials, including chemically modified nanoporous opal films, 

metal nanotubule membranes, chemically modified gold nanotubes, and single 

nanopores.29-35 Ion screening causes a sample-dependent phase boundary potential at the 

interface of the sample and the porous frit, which adds to the constant and sample-

independent potential provided by the reference redox system, resulting in an overall 

sample-dependent potential of reference electrodes comprising Vycor frits.22  
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Recently, the commercial production of nanoporous Vycor frits was discontinued, 

leaving electrochemists and suppliers of electrochemical equipment in search of alternative 

materials to be used as porous frits for reference electrodes with liquid junctions. This 

article reports on different readily available glass and polymeric monoliths of varied pore 

size and composition that have been proposed as alternatives to Vycor frits. The 

performance of reference electrodes incorporating these alternative frit materials is 

described, allowing users to identify the frit material that provides the most desirable 

reference electrode for particular applications.  

EXPERIMENTAL 

All cylindrical porous frits had dimensions of approximately 3 mm diameter and 3 

mm length. The porous Vycor glass plugs (pore size 4–6 nm) were purchased from Koslow 

Scientific (Englewood, NJ), and CoralPor 1000 glass frits (specific pore volume 0.2–0.3 

cm3 g-1; pore size, 4–10 nm; specific surface area 100–170 m2 g-1) were provided by 

SCHOTT (Duryea, PA). These glasses are prepared by annealing of heated mixtures of 

silicon dioxide, boric acid, and alkali oxides, resulting in phase separation and formation 

of a silica skeleton surrounded by alkali and boric oxide,36 followed by leaching out of the 

latter with acids, giving a nanoporous and strongly hydrophilic glass. Electro-porous KT 

Glass (density 2.25 g cm-3; product code G0300) and porous polyethylene (G0194) frits 

were purchased from Princeton Applied Research (Oak Ridge, TN). Glass tubing with pre-

attached porous Teflon tips were purchased from CH Instruments (Austin, TX). The porous 

frits were attached to glass tubes (7 cm long, 3 mm diameter) using Teflon heat shrink 

tubing provided by Princeton Applied Research. Aqueous reference electrodes were 

prepared by inserting a AgCl/Ag electrode into the glass tube attached to the porous frit, 
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and filling the tube from the other end with 3.0 M aqueous KCl solution. The electrodes 

were then stored in 3.0 M aqueous KCl solution for at least one week prior to 

measurements. Reference electrodes for use in organic solutions were prepared by inserting 

a Ag wire into the glass tube with the porous frit and filling the tube with acetonitrile in 

which 10.0 mM AgNO3 and 100 mM tetrabutylammonium perchlorate (NBu4ClO4) were 

dissolved. These electrodes were stored in an acetonitrile solution that contained 100 mM 

NBu4ClO4.  

Measurements in Aqueous Media. 

Potential measurements were performed in stirred solutions at room temperature 

(25 °C) with an EMF 16 channel potentiometer (Lawson Labs, Malvern, PA) controlled 

with EMF Suite 1.02 software (Lawson Labs). A free-flow double-junction AgCl/Ag 

electrode with a movable ground glass sleeve junction (no porous frit) and 3.0 M KCl 

bridge and reference electrolyte purchased from Mettler Toledo (resistance ≈50 kΩ; flow 

rate ≈1.2 μL/h;5 Columbus, OH) was used as external reference electrode. All solutions 

were prepared with deionized purified water (18.2 MΩ cm specific resistance, EMD 

Millipore, Philadelphia, PA), and all measurements were performed in triplicate. The pH 

measurements were performed with a pH half-cell electrode from Mettler Toledo 

(Columbus, OH).  

Measurements in Organic Solutions. 

Voltammetric measurements were performed with a CHI600C potentiostat (CH 

Instruments, Austin, TX) and a three electrode setup with a scan rate of 100 mV/s. Gold 

disk electrodes (BAS, West Lafayette, IN) of 3.0 mm diameter were used as working 

electrodes, and a 0.25 mm Pt wire coil (99.998%, Alfa Aesar, Ward Hill, MA) was used as 
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the auxiliary electrode. Working electrodes were polished on Microcloth polishing pads 

using 5.0 μm Micropolish II deagglomerated alumina and were rinsed thoroughly with 

deionized water and then ethanol, followed by drying under a stream of argon. Prior to 

measurements, all solutions were purged with argon for 15 min while stirring vigorously 

to remove dissolved oxygen. All potentials are reported with respect to 10 mM Ag+/Ag 

reference electrodes equipped with porous frits. Bis(pentamethylcyclopentadienyl)iron, 

Me10Fc, (97%) was purchased from Aldrich (Milwaukee, WI). 

The resistances of the porous frits were determined by impedance spectroscopy as 

reported previously22, 37 with a 1255B frequency response analyzer and a SI 1287 

electrochemical interface from Solartron (Farnborough, Hampshire, UK) in aqueous 3.0 M 

KCl solution or acetonitrile solutions that contained 100 mM NBu4ClO4 and 10 mM 

AgNO3 (for frits filled with aqueous and organic electrolyte solutions, respectively). A two-

electrode system was used with AgCl-coated Ag wires as electrodes for aqueous 

measurements and Ag wires for organic measurements. Resistances were obtained by 

fitting impedance spectra with ZView software (Scribner Associates, Southern Pines, NC) 

in the 104 to 105 Hz range. The frits were characterized by scanning electron microscopy 

(SEM) and nitrogen sorption measurements. Further experimental details are described in 

the Supporting Information.  

Measurements of Solution Flow Through the Porous Frits. 

Solution flow through the frits was measured at a pressure of 5×10-3 bar (pressure 

difference caused by filling 3.0 M KCl solution to a height of 5 cm into a vertically oriented 

glass tube, with the frit attached to its bottom). The aqueous reference electrodes were kept 

in an environment with 100% humidity (to minimize evaporation of the inner filling 
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solution), and the changes in the height of the inner filling solution were determined over 

a period of 60 days for the Vycor and CoralPor frits, and 1 day for the Electro-porous KT 

glass, Teflon, and polyethylene frits. Similar measurements were performed for reference 

electrodes with organic reference and bridge electrolyte solutions except that the electrodes 

were stored in an acetonitrile-saturated environment, and that the inner filling solution 

contained 10 mM AgNO3 and 100 mM NBu4ClO4 in acetonitrile. 

RESULTS AND DISCUSSION 

Two only recently commercialized porous glasses with the brand names CoralPor 

and Electro-porous KT and two porous polymers of different chemical identity (Teflon and 

polyethylene) have been reported in the literature as new frit materials for the fabrication 

of reference electrodes.38-47 The effect of the frit characteristics on the performance of each 

reference electrode was carefully investigated in this work, and the results were compared 

to the expectation that ion screening (Figure 1) at frit pores22 results in smaller errors in the 

potential of reference electrodes equipped with porous frits possessing larger pore 

diameters or polymeric porous frits that bear no surface charges. 
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Figure 1. Two-dimensional representation of a pore in a porous glass network. The 

rectangles represent the glass structure, negative signs show the surface charge density on 

the pore walls, and the dashed lines represent the Debye length. In a sample with high 

ionic strength, the Debye length is smaller than the diameter of the pore, and ion transport 

occurs freely through the pores (A). In a sample with low ionic strength, the Debye 

length is larger than the pore diameter and ion transport is impacted by electrostatic 

forces (B). 

Porous Glass Frits. 

We prepared reference electrodes with Vycor, CoralPor, and Electro-porous KT 

glass frits using aqueous inner filling solutions that contained 3.0 M KCl (for pictures of 

the experimental set-up see Figure S1).21 The electrodes were stored in 3.0 M KCl, and 

impedance spectroscopy was used to verify the wettability of the frits. The low resistance 

of the frits (< 150 Ω, Table 1) confirmed that the pores were completely filled with 3.0 M 

KCl.22 Subsequently, the pH dependence of the potentials of these aqueous reference 

electrodes were measured (see Figure 2). Note that the potentials were measured with 

respect to an external free-flow sleeve-junction reference electrode (Figure S2), which does 
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not contain a porous frit (3.0 M KCl inner filling electrolyte) and is not biased by screening 

of ion transport at the salt bridge junction, as shown previously.5, 48-51 Figures 2A and 2B 

show the pH dependence of the potentials of reference electrodes with the porous Vycor 

frits. To control the pH, a 0.01 M HCl starting solutions with a 0.01 M or 0.3 M KCl 

background were used, and the pH was increased by successive additions of 10.0 M NaOH 

solution. In the case of the 0.01 M KCl background, increasing the pH from 2 to 12 resulted 

in potential shifts as large as 40 mV. For comparison, in corresponding measurements of 

the potential of a reference electrode with a large-pore junction, the liquid-junction 

potential (a non-equilibrium potential formed at the interface of two miscible solutions with 

different electrolyte concentrations or different cation and anion mobilities2, 5, 21) is 

expected to change by less than 2.0 mV, as predicted by the Henderson equation.21 

Increasing the background electrolyte concentration to 0.30 M KCl nearly eliminated the 

dependence of the potential of the reference electrode. Figures 1C and 1D demonstrate that 

the electrodes with CoralPor frits behave similarly to electrodes with Vycor frits (≈40 mV 

change in reference potential over 10 pH units). On the other hand, there is much less pH 

dependence (≈5 mV) in the potential of reference electrodes with glass frits made of 

Electro-porous KT glass.  

SEM micrographs show that Vycor and CoralPor glass have a similar disordered 

network pore structure (Figures 3A and 3B). Nitrogen sorption experiments reveal that the 

pore size distributions of these two glass materials (see Figure 3C) are also similar (i.e., 

pore sizes in the range of 4–16 nm based on data fitting using a nonlocal density functional 

theory, NLDFT, kernel for nitrogen adsorption on silica applied to the adsorption branch),52 

and the materials have comparable Brunauer–Emmett–Teller specific surface areas of 112 
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and 129 m2 g-1 for Vycor and CoralPor, respectively.53 However, the SEM micrograph of 

Electro-porous KT glass shows a dramatically different structure, with much larger pores 

on the micrometer length scale (Figure 3D). Since this pore size is much larger than the 

Debye length even in low ionic strength solutions (which is, e.g., 9.6 nm in 1.0 mM aqueous 

KCl), electrodes containing Electro-porous KT glass are much less affected by the sample 

composition.  

The reference potentials of electrodes with nanoporous glass frits are not only 

affected by the pH but also the electrolyte concentration. To show the effect of a few 

representative electrolytes, the potentials of reference electrodes with such frits are shown 

with respect to the concentration of KCl, NaNO3, Na2SO4, or NBu4Cl (Figure 4). These 

electrolytes were chosen because they include many cations and anions often contained in 

real samples but also to represent the wide range of hydrophobicities of cations and anions 

common in biological fluids. Electrodes with Vycor and CoralPor frits were affected quite 

strongly by changes in the concentration of these electrolytes (potential responses up to 

≈70 mV were observed; see Figures 4A and 4B) while the electrodes with KT glass frits 

were affected to a lesser extent (≈10 mV). For clarity, only the potentiometric response of 

one electrode for each frit material is shown in Figure 4, but similar responses were 

observed for three electrodes (see Figures S3–S6). As expected, the effects of the different 

electrolytes on the reference potential are very similar, and only limited ion selectivity can 

be observed. Because the sizes of all tested ions are much smaller than the Debye length 

(dictated by ionic strength of the solutions), ion screening is controlled by the ionic strength 

of the sample solutions and is not affected by the character of the particular type of ions 

considered. 



25 
 

 

Figure 2. Dependence of the potential of reference electrodes with porous glass frits on 

the pH at background KCl concentrations of 0.01 M (A, C, E) and 0.3 M (B, D, F). The 

type of glass frit is specified in each panel. Measurements were made with three separate 

but identically prepared electrodes, as indicated by the black, red, and blue data. 
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Figure 3. Characterization of commercially available porous frits: SEM micrographs of 

Vycor (A) and CoralPor (B), the pore size distributions of each frit based on NLDFT 

analysis of nitrogen sorption isotherms applied to the adsorption branch (C), and SEM 

micrograph of Electro-porous KT (D). 

As expected, increasing the pore size of the glass frit substantially decreases the 

sample dependence of the potential and improves the performance of an electrode. 

However, a disadvantage of larger pores is a more rapid intermixing of the reference and 

sample solutions due to higher flow rates through the frit. The Hagen–Poiseuille equation, 

which describes flow through a cylindrical pore, predicts that the flow velocity scales with 

the square of the pore diameter, which suggests much larger flow rates for frits with larger 

pores and significant contamination of samples by bridge electrolyte.54 Indeed, 

measurements show that solution flow through the Electro-porous KT glass frits (3.8 ± 1.3 

μL/h at an applied pressure of 5×10-3 bar) is at least three orders of magnitude larger than 

through Vycor and CoralPor glass (Table 1). Considering the large flow of solution through 

the Electro-porous KT glass to the sample even for small pressure differentials, the 

suitability of these electrodes must be assessed based on the time scale of the experiment 

and the test solutions’ sensitivity to contamination with bridge electrolyte. For this 
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investigation, the potential stabilities of the electrodes were monitored over 48 h in 0.1 M 

KCl at 25 °C. All electrodes exhibited potential drifts of less than 0.2 mV/h (see Table 1 

and Figure S16). This shows that potential drifts were very small in comparison to the 

sample dependence of the measured emf. 

 

Figure 4. Effect of NBu4Cl, Na2SO4, NaNO3, and KCl on the potentiometric response of 

reference electrodes with nanoporous glass frits made of Vycor (A), CoralPor (B), and 

Electro-porous KT (C) glass as a function of electrolyte concentration. The potential 

dependence of only one electrode for each frit material is shown. 

Porous Polymer Frits. 

Besides porous glass, porous Teflon and polyethylene frits have been reported as 

alternatives to Vycor frits.46-47 SEM micrographs show that the pore sizes in these polymers 

are large (≈10 μm for polyethylene and ≈1 μm for Teflon) in comparison to porous glass 

frits (Figures 5A and 5B).  
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Figure 5. Characterization of commercially available polymeric frits. SEM micrographs 

of polyethylene (A) and Teflon (B). 

For this study, electrodes with polyethylene and Teflon frits were fabricated by 

filling a reference electrode tube with 3.0 M KCl. Due to the hydrophobic nature of both 

Teflon and polyethylene, we anticipated that the pores might not be readily wetted by 

aqueous solutions. Therefore, the electrodes were preconditioned in 3.0 M KCl for at least 

one week in attempts to facilitate the filling of the pores with electrolyte solution. 

Nevertheless, initial experiments showed a large dependence of the reference potential (as 

large as 200 mV) on the sample composition and pH (Figures S7–S11), and impedance 

measurements showed very high resistances for these polymer frits (>1.0 GΩ vs ≈100 Ω 

for the glass frits). We attribute this to incomplete wetting of the frits, preventing a proper 

liquid–liquid junction from being formed between the inner filling and test solutions. 

Therefore, wetting of the frit was subsequently facilitated by applying pressure (≈ 2 bar) to 

the inner filling solution, thereby forcing the electrolyte solutions into the pores of the frit. 

Indeed, this decreased the frit resistance by many orders of magnitude to < 500 Ω (see 

Table 1).  

The effects of pH and the concentrations of NBu4Cl, Na2SO4, NaNO3, and KCl in 

the sample on the reference potential were tested as described for the glass frits above. The 

dependence of the reference potential of the reference electrodes on the concentrations of 

Na2SO4, NaNO3, KCl, and pH was minimal, as shown in Figures 6C, 6D, and S12–S15. 
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The effect of NBu4Cl on the reference potential is of particular interest, because NBu4
+

 is 

a relatively hydrophobic ion and its adsorption to the polymer surfaces driven by the 

hydrophobic effect could be expected to give rise to electrostatic screening. Interestingly, 

this effect was not observed, which is consistent with the large size of the pores of these 

Teflon and polyethylene frits. As shown in Figures 6A and 6B, there were only minimal 

changes in the potential of the electrodes in response to changes in the concentration of 

NBu4Cl. 

For some of the electrodes, either abrupt changes in the observed potential or 

regions where the potential appeared to be sample-dependent were observed. These 

potential changes were caused by entrapment of air bubbles in the porous frits, which was 

confirmed by frit resistances larger than 1.0 GΩ. The entrapment of air bubbles occurred 

during sample changes, when the frits were temporarily exposed to air. Examples for this 

erratic behavior of the reference electrodes are illustrated by the potential jumps at 0.001 

M NBu4Cl in Figures 6A and 6B and at pH 10 in Figure 6D. (EMF spikes that result from 

air bubbles and the associated sudden increase in electrode resistance have been reported 

previously.55) To minimize such effects, when an abnormal behavior of the electrodes was 

observed, experiments were paused, and air bubbles were removed by applying pressure 

on the inner filling solution. This resulted in an improved performance of the electrodes.  
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Figure 6. Effect of NBu4Cl and pH on the potential of reference electrodes with porous 

frits made of polyethylene (A and C), and Teflon (B and D). The black, red, and blue 

traces show results for three separate but identically prepared electrodes. Only two 

replicates are shown for electrodes with polyethylene frits; the flow of inner filling 

solution to the sample was so rapid for the third electrode (> 1000 μL/h) that the 

electrode failed before the end of the experiment. The large flow was possibly caused by 

not readily visible fissures in the frit. 

In summary, when used for use in aqueous samples, reference electrodes with 

porous polyethylene and Teflon frits provide constant and sample-independent potentials 

and, unlike reference electrodes with nanoporous glass frits, are not biased by ion screening 

effects. However, due to the hydrophobic nature of these polymers, special attention and 

care must be paid to wetting of the frits during electrode fabrication and use. Also, due to 

the larger pore sizes, solution flow rates through these polymeric frits are much larger than 

for Vycor and CoralPor frits, which have much smaller pores (see Table 1). Therefore, 

even though reference electrodes with Teflon and polyethylene frits have a good potential 

stability (≈5 mV over 48 h), they are not recommended for long term experiments due to 
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contamination of samples with the inner solution of the reference electrodes. The 

performance of reference electrodes comprising polymeric frits could be significantly 

improved by employing hydrophilic porous polymeric frits with smaller pore sizes.56 We 

are currently exploring the applicability of new hydrophilic nanoporous polymer frits for 

use as reference electrodes. 

Reference Electrodes for Measurements in Organic Media. 

Reference electrodes with nanoporous Vycor glass frits have also been widely used 

for measurements in organic media, such as acetonitrile, propylene carbonate, 

dimethylformamide, dichloromethane, and ionic liquids.50, 57-62 In this section, we compare 

the performance of reference electrodes with porous Vycor frits to that of electrodes with 

frits made of Vycor substitutes (CoralPor,40 Electro-porous KT glass,47 and porous 

Teflon46) in view of uses in organic solvents. Our previous work showed that the potential 

of reference electrodes with porous Vycor frits in organic solutions is affected by ion-

screening effects at the surface of the glass nanopores, but that the potential variations are 

much smaller than what is observed in aqueous systems.22 Electrodes were fabricated by 

immersing a Ag wire into a 10 mM AgNO3/100 mM NBu4ClO4 acetonitrile solution that 

was separated from the sample by a porous frit, and were stored in an acetonitrile solution 

of the same composition for at least one week. The Vycor, CoralPor, Electro-porous KT, 

and Teflon frits had similar resistances when filled with 100 mM NBu4ClO4 (3–25 kΩ, 

Table 1), suggesting complete infiltration of the acetonitrile solution into the pores of the 

frits.  

The effects of supporting electrolyte and trifluoroacetic acid (CF3COOH) on the potential 

of the reference electrodes were quantified. The effect of the supporting electrolyte 
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concentration was investigated because the majority of electrochemical analyses in organic 

solvents are carried out in presence of a background electrolyte such as, e.g., NBu4ClO4.21 

CF3COOH was chosen because it is often used to adjust the pH of organic solutions in 

order to probe the pH dependence of redox potentials and electron transfer mechanisms.57, 

59 It should be noted that if the use of CF3COOH results in changes in the reference 

potential, this may be interpreted wrongly as a change in the formal redox potential of a 

redox couple and could be mistakenly attributed to the involvement of protons in the redox 

reaction of interest, misleading the investigation of an electron transfer mechanism. 

Therefore, to evaluate the effect of the pH and electrolyte concentration on the reference 

potential, we determined the peak potential for the oxidation of decamethylferrocene 

(Me10Fc) in cyclic voltammograms with respect to reference electrodes with a porous frit. 

Acetonitrile was used as a representative organic solvent. The Me10Fc+/Me10Fc couple was 

chosen because the effects of sample composition on the redox potential of this redox 

couple are well known to be minimal;22, 63 therefore, changes in the observed peak potential 

of this redox couple indicate changes in the reference potential caused by the type of frit 

used.  
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Figure 7. Effect of the concentration of the supporting electrolyte (NBu4ClO4) and 

CF3COOH on the potential of reference electrodes with porous Vycor (empty red circles), 

CoralPor (solid blue circles), Electro-porous KT glass (black triangles) and porous Teflon 

frits (squares). The peak potential of Me10Fc (0.1 mM) was determined from cyclic 

voltammograms measured with respect to each reference electrode. Panels (A) and (B) 

show data for NBu4ClO4 solutions in acetonitrile. CF3COOH was added to a background 

of 100 mM NBu4ClO4 (C and E) or 10 mM NBu4ClO4 (D and F). In Panels B, C, and D, 

the different square symbols (filled, empty, and squares with a diagonal) show results for 

three separate but identically prepared electrodes with Teflon frits; average values and 

standard deviations are shown in grey. 
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Figures 7A and 7B show that decreasing the concentration of supporting electrolyte 

from 100 mM to 6.25 mM causes an up to 45 mV shift in the potential of reference 

electrodes with Vycor and CoralPor frits, while electrodes with Electro-porous KT glass 

and Teflon frits are minimally affected (<10 mV, i.e., small values that can be explained 

by the liquid junction potential between the 100 mM NBu4ClO4 bridge electrolyte and the 

test solution21, 64). This observation is consistent with predictions from ion-screening theory 

and the performance of these electrodes in aqueous systems. Interestingly, larger electrode-

to-electrode deviations for electrodes with Teflon frits were observed as compared to 

results obtained with glass frits, while the sample dependence of the potential of individual 

reference electrodes with Teflon frits was small. The reason for this observation is not 

entirely clear, but may be caused by the difficulty of fully wetting the Teflon frits with 

acetonitrile containing solutions..  

Addition of 50 mM CF3COOH to two types of test solutions with high (100 mM 

NBu4ClO4) and low (10 mM NBu4ClO4) ionic strength had minimal effects on the potential 

of electrodes with Teflon frits (< 5 mV; Figures 7C and 7D). The same behavior was 

observed for electrodes with Electro-porous KT glass frits (Figures 7E and 7F). The effects 

of CF3COOH on the potential of electrodes with Vycor and CoralPor frits depended on the 

ionic strength of the solution. As expected, the magnitude of the potential change was 

greater for the 10 mM (≈10 mV) than for the 100 mM (≈3 mV) NBu4ClO4 solutions. 

Similar as for aqueous systems, the flow rate of electrolyte solution through the porous frits 

was found to be much larger for Electro-porous KT glass and Teflon frits than for Vycor 

and CoralPor frits (Table 1).   
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CONCLUSIONS 

Our earlier work showed that the nanoporous glass frits that are frequently used in 

reference electrodes can cause an unwanted sample dependence of the liquid junction 

potential at the interface of samples and these electrodes. The potential changes are caused 

by electrostatic screening of ion transfer into the negatively charged pores of the frit when 

the Debye length in the sample solution has a dimension comparable to or greater than the 

pore diameter. This effect occurs both in aqueous and organic solutions, and can be 

minimized by working with sample solutions with a high ionic strength background. This 

work showed that the potential of electrodes with glass frits with larger pore sizes (e.g., 

Electro-porous KT, which has been recently introduced as a replacement for Vycor, which 

is no longer produced commercially) is less affected by ion screening. However, solution 

flow through the frits increases as the pore sizes increases, which in long-term 

measurements that involve frits with larger pore sizes can cause significant contamination 

of test solutions by the inner filling solution of the reference electrodes. The application of 

porous polymer frits without ionic surface functional groups eliminates the potential 

variations caused by ion screening, but large pore sizes and a decreased wettability of the 

currently commercially available frit materials (Teflon and polyethylene) limits the 

application of these frits in reference electrodes suitable for analysis in real-life samples. 

For such purposes, the development of more hydrophilic polymers with smaller pores is 

desirable, which we are currently exploring. As long as such materials are not available 

yet, we recommend for such samples the use of reference electrodes that do not comprise 

nanoporous frits. If an alternative reference electrode is not accessible, we recommend 

using frits with pores in the < 10 nm range (e.g., Vycor and CoralPor frits) in samples with 
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high ionic strength, and frits with pores in the 1 μm range (such as Electro-porous KT glass 

and Teflon frits) in low ionic strength solutions.   
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SUPPORTING INFORMATION  

Potentiometric Response of Reference Electrodes with Porous Glass Frits. 

Electrodes with Vycor, CoralPor, and Electro-porous KT glass frits (triplicate of 

each) were prepared using 3.0 M KCl as the inner filling solution; see Figure S1 for a 

representative electrode. The potentials were measured with respect to an external free-

flow sleeve-junction reference electrode (3.0 M KCl inner filling and bridge electrolyte 

solution), which did not contain a porous frit (see Figure S2). To evaluate the sample 

dependence of the potential of reference electrodes with porous glass frits, electrodes were 

placed in 0.1 M solutions of the electrolyte (KCl, NaNO3, Na2SO4, and NBu4ClO4), and 

the electrolyte concentration was altered by successive dilutions of the test solution with 

deionized water, while monitoring the potential. Results of these experiments are shown in 

Figures S3–S6. 
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Figure S1. An electrode with a porous CoralPor frit, with an inner AgCl/Ag reference 

electrode, and a 3.0 M KCl inner filling solution. The porous frits were attached to glass 

tubes (7 cm long, 3 mm outer diameter) using heat shrink tubing. 

 

Figure S2. A free-flow double-junction AgCl/Ag electrode with a movable ground glass 

sleeve junction (no porous frit) with 3.0 M KCl bridge electrolyte and reference 

electrolyte solutions (purchased from Mettler Toledo, Columbus, OH) that was used as 

external reference electrodes for all potentiometric measurements (A). Zoomed-in view 

of the sleeve junction of this electrode (B and C).  
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Figure S3. Effect of KCl concentration on the potential of reference electrodes with 

Vycor (A), CoralPor (B), and Electro-porous KT (C) glass frits. The black, red, and blue 

traces show results for three separate but identically prepared electrodes. 
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Figure S4. Effect of NaNO3 concentration on the potential of reference electrodes with 

Vycor (A), CoralPor (B), and Electro-porous KT (C) glass frits. The black, red, and blue 

traces show results for three separate, but identically prepared electrodes.  
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Figure S5. Effect of Na2SO4 concentration on the potential of reference electrodes with 

Vycor (A), CoralPor (B), and Electro-porous KT (C) glass frits. The black, red, and blue 

traces show results for three separate but identically prepared electrodes.  
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Figure S6. Effect of NBu4Cl concentration on the potential of reference electrodes with 

Vycor (A), CoralPor (B), and Electro-porous KT (C) glass frits. The black, red, and blue 

traces show results for three separate but identically prepared electrodes.  
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Half Cell Potentials of Reference Electrodes with Porous Polymer Frits. 

Electrodes with porous Teflon or polyethylene frits were filled with 3.0 M KCl and 

equilibrated for at least one week. The potentials were measured with respect to an external 

free-flow sleeve-junction reference electrode (see Figure S2). To evaluate the sample 

dependence of the potential of the reference electrodes with porous polymeric frits, 

electrodes were placed in 0.1 M test solutions of the electrolyte (KCl, NaNO3, Na2SO4, and 

NBu4ClO4) and the electrolyte concentration was altered by successive dilutions of the test 

solution with deionized water while monitoring the potential. Responses to pH, KCl, 

NaNO3, Na2SO4, and NBu4Cl are shown in Figures S7–S11.  

 

Figure S7. pH dependence of the potential of reference electrodes with (A) porous 

polyethylene frits or (B) porous Teflon frits in aqueous solutions with a 0.01 M KCl 

background. The type of the polymer frit is specified in each panel. The starting solution 

was 0.01 M HCl (with 0.01 M or 0.3 M background KCl), and the pH was increased by 

successive additions of aqueous 10.0 M NaOH solution. Measurements were performed 

in triplicate using identically prepared electrodes. The black, red, and blue traces 

represent individual electrodes. 
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Figure S8. Effect of KCl concentration on the potential of reference electrodes with (A) 

polyethylene and (B) Teflon frits. Measurements were performed in triplicate using 

identically prepared electrodes. The black, red, and blue traces represent individual 

electrodes. 

 

Figure S9. Effect of NaNO3 concentration on the potential of reference electrodes with 

(A) polyethylene and (B) Teflon frits. Measurements were performed in triplicate using 

identically prepared electrodes. The black, red, and blue traces represent individual 

electrodes.  
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Figure S10. Effect of Na2SO4 on the potential of reference electrodes with (A) 

polyethylene and (B) Teflon frits. Measurements were performed in triplicate using 

identically prepared electrodes. The black, red, and blue traces represent individual 

electrodes. 

 

Figure S11. Effect of NBu4Cl concentration on the potential of reference electrodes with 

(A) polyethylene and (B) Teflon frits. Measurements were performed in triplicate using 

identically prepared electrodes. The black, red, and blue traces represent individual 

electrodes. 
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To improve the signal stability of the reference electrodes with porous polymeric 

frits and facilitate wetting of the polymer frits, a stream of air was pointed at the top of the 

inner filling solution of the electrode. The pressure caused by the air stream (≈2 bar) 

facilitated filling the pores with 3.0 M KCl, as confirmed by measuring the resistance of 

the frits (<500 Ω). The improved wetting minimized the electrode-to-electrode variations 

of the emf and reduced the sample dependence of the reference potential. The effects of 

the concentration of KCl, NaNO3, Na2SO4, NBu4Cl, and pH are shown in Figures S12–

S15. In some cases, during the measurement or during the preparation steps, air bubbles 

got trapped in the polymeric frit, which resulted in changes and a sample dependence of 

the reference electrode potential. Entrapment of air bubbles resulted in increased resistance 

of the frits, as confirmed by impedance spectroscopy. Pausing the experiment and applying 

a stream of air (producing an approximate pressure of 2 bar) on top of the inner filling 

solution restored the previous condition and improved the performance of the reference 

electrodes.  
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Figure S12. Effect of KCl concentration on the potential of reference electrodes with (A) 

polyethylene and (B) Teflon frits. Measurements were performed in triplicate using 

identically prepared electrodes. The black, red, and blue traces represent individual 

electrodes. The type of the polymer frit is specified in each panel. Wetting of the frit was 

facilitated by applying pressure on the inner filling solution, thereby filling the pores of 

the porous frit. 

 

Figure S13. Effect of NaNO3 concentration on the potential of reference electrodes with 

(A) polyethylene and (B) Teflon frits. Wetting of the frits was facilitated by applying 

pressure on the inner filling solution, thereby filling the pores of the frit. Measurements 

were performed in triplicate using identically prepared electrodes. The black, red, and 

blue traces represent individual electrodes. 
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Figure S14. Effect of Na2SO4 concentration on the potential of reference electrodes with 

(A) polyethylene and (B) Teflon frits. Wetting of the frit was facilitated by applying 

pressure on the inner filling solution, thereby filling the pores of the frit. Measurements 

were performed in triplicate using identically prepared electrodes. The black, red, and 

blue traces represent individual electrodes. Only two replicates are shown for electrodes 

with polyethylene frits; the flow of inner filling solution to the sample was so rapid for a 

third electrode (> 1000 μL/h) that the electrode could not be used within the time frame 

of the experiment. The large flow was possibly caused by a crack in the frit. 
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Figure S15. Effect of NBu4Cl concentration on the potential of reference electrodes with 

(A) polyethylene and (B) Teflon frits. Wetting of the frit was facilitated by applying 

pressure on the inner filling solution, thereby wetting the pores of the frit. Measurements 

were performed in triplicate using identically prepared electrodes. The black, red, and 

blue traces represent individual electrodes. Only two replicates are shown for electrodes 

with polyethylene frits; the flow of inner filling solution to the sample was so large for a 

third electrode (> 1000 μL/h) that the electrode could not be used within the time frame 

of the experiment. The large flow was possibly caused by a crack in the frit. 

Potential Stability. 

Potentials of reference electrodes with porous Vycor glass, CoralPor glass, Electro-

porous KT glass, Teflon, and polyethylene frits (reference solution 3.00 M KCl) were 

monitored for 48 hours in a temperature-controlled (25 °C) 0.10 M KCl solution with 

respect to an external free-flow sleeve-junction reference electrode (see Figure S2). 

Potential of electrodes with respect to time are shown in Figure S16.  
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Figure S16. Signal stability of reference electrodes with Vycor (A), CoralPor (B), 

Electro-porous KT (C), Teflon (D), and polyethylene (E) frits in a 0.10 M KCl at 25 °C. 

Measurements were performed in triplicate using identically prepared electrodes. The 

black, red, and blue traces represent individual electrodes. Only two replicates are shown 

for electrodes with polyethylene frits; the flow of inner filling solution to the sample was 

so large for a third electrode (> 1000 μL/h) that the electrode could not be used within the 

timeframe of the experiment. The large flow was possibly caused by a crack in the frit. 
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Scanning Electron Microscopy and Nitrogen Sorption Measurements. 

Scanning electron microscopy micrographs were obtained on a Hitachi S-4700 cold 

field emission gun scanning electron miscroscope with an accelerating voltage of 3–5 kV. 

Before imaging, the frits were cryo-fractured and coated with ca. 3 nm of Pt via sputtering 

using either a VCR Group IBS TM200S Ion Beam Sputterer or a Balzers Union MED 010. 

Nitrogen sorption isotherms were collected on a Quantachrome Autosorb iQ2-MP at liquid 

nitrogen temperature (77 K). Prior to measurement, samples were outgassed at 200 °C for 

2 h, followed by 50 °C for 6 h using a turbomolecular vacuum pump. Brunauer-Emmett-

Teller (BET) specific surface areas were obtained from the adsorption branch from P/P0 = 

0.05–0.35.53 Mesopore size distributions were estimated using a nonlocal density 

functional theory kernel for nitrogen on silica with cylindrical pores applied to the 

adsorption branch.52 
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Figure S17. Nitrogen sorption isotherms for Vycor (A) and CoralPor (B) glass. Filled 

circles indicate adsorption and empty circles indicate desorption. 
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SYNOPSIS 

The Henderson equation is usually used to calculate liquid junction potentials 

between miscible electrolyte solutions. However, the potentials of reference electrodes that 

comprise an electrolyte-filled nanoporous glass frit may also be affected by charge 

screening. As reported previously, when the Debye length approaches or surpasses that of 

the glass pore diameter, reference potentials depend on the composition of the bridge 

electrolyte, the pore size of the frit, and the concentration of electrolyte in the sample. We 

report here that stirring of samples may alter the reference potential as it affects the 

electrolyte concentration in the section of the nanoporous glass frits that is facing the 

sample solution. When the flow rate of bridge electrolyte into the sample is small, 

convective mass transport of sample into the nanoporous frit occurs. The depth of 

penetration into the frits is only a few nanometers but, despite the use of concentrated salt 

bridges, this is enough to affect the extent of electrostatic screening when samples of low 

ionic strength are measured. Mixing of sample and salt bridge solutions—and in particular 

penetration of sample components into the frit—was optically monitored by observation 

of a deeply colored Fe[(SCN)(H2O)5]2+ complex that formed in situ exclusively in the 

region where the sample and salt bridge mixed. Importantly, because flow through 

nanoporous frits is very slow, mass transport through these frits is dominated by diffusion. 

Consequently, over as little as one hour, reference electrode frits with low flow rates 

become contaminated with sample components and undergo depletion of electrolyte within 

the frit to a depth of several millimeters, which can negatively affect subsequent 

experiments. 
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INTRODUCTION 

A range of advances in the design of reference electrodes have been made over the 

past decades and provide important improvements toward calibration-free electrochemical 

sensing65 and long-term measurements.66 They include the use of nanoporous glasses with 

various pore sizes,6 ionic liquid salt bridges,9-10, 67 and solid state designs.68-73 Most designs 

have a particular application in mind, such as the flexible reference electrodes that enable 

wearable sensors74-75 or paper-based devices,76 and as a result they have each their own 

unique advantages. However, even though innovation in this field has allowed overcoming 

problems encountered in specialized applications, the use of reference electrodes that 

comprise a free-flowing liquid junction or a liquid junction in which flow is restrained by 

porous glass, ceramic materials, or capillaries is still widespread and appears unlikely to 

disappear any time soon. Unfortunately, the limitations of these junctions are cause of 

many errors and much loss of time in routine analysis.26 Surprisingly, only little attention 

has been given in the past to the effect on reference potentials of seemingly obvious 

experimental parameters such as stirring and bridge electrolyte flow. 

Reference electrodes with free-flowing liquid junctions5 were shown to provide 

stable reference potentials, where, with some assumptions, the liquid-junction potential can 

be calculated theoretically.1, 3-4, 77-78 Here we apply the Henderson equation to do so.1 The 

use of free-flowing liquid junctions, however, requires that the bridge electrolyte be refilled 

regularly. To reduce maintenance, the loss of bridge electrolyte can be slowed by placing 

a capillary or porous frit between the bridge electrolyte and sample (using frits with pore 

diameters of 5 – 1000 nm)6 or by stopping the flow of bridge electrolyte altogether with a 

gel.79 This reduces maintenance but can lead to new problems, such as contamination or 
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depletion of the bridge electrode within the frit if flow rates are low. This results, e.g., in 

slow responses of combination pH electrodes after exposure to samples with a low 

electrolyte content for long periods of time, a problem frequently encountered in routine 

analysis and often misinterpreted as a slow response of the pH sensitive half cell. To avoid 

problems associated with low flow rates, pressurized inner filling solutions have been 

applied to ensure a continuous flow of electrolyte through the restrained liquid junction.80-

86 

 Of the restrained liquid junctions, the most commonly used reference electrode 

design contains a micro- or nanoporous frit that separates the sample from an inner filling 

solution (typically composed of concentrated KCl) that contacts a AgCl-coated Ag wire. 

The phase boundary potential across the interface of the inner filling solution and AgCl/Ag 

depends on the activity of Cl–, as defined by the Nernst equation.12 As the inner filling 

solution is separated from the sample by the porous frit/salt bridge, this KCl|AgCl|Ag phase 

boundary potential is not affected by the sample. It is usually assumed that the interface 

between the electrolyte-filled porous frit and the sample solution contributes with a liquid 

junction potential, the size of which can be predicted quantitatively.1 However, it has been 

shown that charge screening caused by the negative charges on the pore walls at the 

interface of nanoporous glass frits and sample solutions may result in phase boundary 

potentials that differs from the liquid-junction potential predicted for a free-flowing 

junction.6, 22 The extent of charge screening depends on the pore size and composition of 

the frit material as well as the electrolyte strength and pH of the sample solution.6 As the 

ionic strength of sample solutions is decreased, the Debye length in these solution 



56 
 

approaches and eventually surpasses that of the frit pore size, resulting in charge screening 

(see Figure 1).87 

 

Figure 1. Charge screening at the interface of a porous frit filled with bridge electrolyte 

and a sample solution. Dotted lines represent the thickness of the Debye layer, which 

prevents anions from entering the porous matrix. Pore walls represented as circles, a 

simplification used for the calculations described in the section Stirred Regions within 

Nanoporous Frits. 

In this contribution we show that stirring of sample solutions may affect reference 

potentials, an effect that has been ignored in the prior literature on porous liquid junctions. 

We constructed electrochemical cells to determine the potential of cells comprising 

nanoporous glass frits in stirred/laminar flow solutions and unstirred solutions. Moreover, 

the extent to which stirred regions penetrate into nanoporous glass was assessed using a 

simple hydrodynamic scaling model.88-90 Convection within a thin frit section that is 

nearest to the sample leads to mixing of the sample solution with the salt bridge electrolyte. 

This can alter the Debye length of the solution within the frit and affects charge screening 

by the negatively charged pore walls. To describe this process, the flow rate of reference 

electrodes was compared in this work with the distance K+ and Cl— ions diffuse through 
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the frit over a comparable timespan. This work shows that diffusion is the dominant process 

in reference electrodes with 2.0–5.5 nm pores, allowing for electrolyte to diffuse both out 

of and into the reference electrodes. Diffusion was also qualitatively studied by visually 

monitoring mixing of FeCl3 and KSCN solutions.5 The dark red complex 

Fe[(SCN)(H2O)5]2+ forms where the Fe3+ and SCN– containing solutions mix,91 visualizing 

the location of the diffusional fronts within frits. Images that show time-dependent mixing 

within nanoporous frits highlight the significant contamination of nanoporous frits in the 

course of electrochemical measurements. 

EXPERIMENTAL 

Materials. 

AgCl (98%), KCl, FeCl3, sodium acetate-13C2, LiOH, Dowex HCR-W2, and 1.0 M 

HCl were purchased from Sigma-Aldrich, Ag wires (0.5 mm diameter, ≥ 99.9%) from Alfa 

Aesar, porous Vycor glass frits (28% pore volume, 2.0–5.5 nm pore diameter, 3 mm 

diameter, 3 mm length, 1.5 g/cm3 density, and 250 m2/g surface area)92-93 from 

Bioanalytical Systems, a pH glass electrode from Hanna Instruments, and KSCN from J.T. 

Baker Chemical Corporation. All chemicals were used as received. 

Preparation of AgCl-coated Ag Wires. 

Ag wires were cleaned in 3 M nitric acid for 30 s and rinsed using deionized purified 

water. Wires were then placed in 0.1.0 M HCl with a Pt mesh counter electrode and a 

Ag/AgCl (3M KCl) reference electrode equipped with a Vycor frit. A current of 0.4 

mA/cm2 was applied for 45 min. The AgCl-coated wires were cleaned with deionized water 

and allowed to age for at least 24 h in AgCl-saturated H2O. 
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Preparation of Porous Frit Reference Electrodes for Electrochemical Measurements. 

Vycor frits were cleaned in stirred deionized water at 60 °C for 6 h. This process 

was repeated three times before drying of the frits under vacuum. Vycor frits were attached 

to glass tubes (5 cm long, 3 mm diameter) with Teflon heat shrink tube. The glass tubes 

were then filled with 3 M KCl saturated with AgCl and stored in 3 M KCl for at least two 

days prior to measurements. The height of the inner filling solution was 5 cm, which 

generated a constant pressure of 5  10–3 bar and flow rate of 4 ± 2 nL/h.6 AgCl/Ag wires 

were inserted through rubber septa into the glass tubes before measurements. 

Potentiometric Measurements. 

A Lawson Labs EMF 16 channel potentiometer (Malvern, PA) controlled by EMF 

Suite 1.02 software was used for all measurements of potentials (E). Each measurement 

was performed at room temperature (23 ± 2 °C). KCl solutions were prepared by serial 

dilution with purified water (18.2 MΩ cm specific resistance, EMD Millipore, 

Philadelphia, PA) from 1.0 M KCl stock solutions. Potentials were measured relative to a 

Mettler Toledo DX200 free-flowing double junction reference electrode (with a 3.0 M KCl 

bridge electrolyte and AgCl-saturated 3.0 M KCl inner reference electrolyte).5 A schematic 

of the experimental setup is included in the Supplemental Information (Figure 2). The 

tubular electrode bodies were not sealed at the top to allow for gravity driven solution flow 

towards the samples. Activity coefficients were calculated using a two-parameter Debye-

Hückel approximation,87 and all potential measurements were corrected for liquid junction 

potentials at the free-flowing double junction reference electrode using the Henderson 

equation.77 Alternative methods for the calculation of liquid-junction potentials are 
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available, but for most cases predictions from different models differ only slightly (see ref. 

22 for more information). 

A Corning PC-420D hot plate was used for stirring. Stirred solutions corresponded 

to a magnetic stir bar rotation rate of 400 rotations per minute. A 150 mL glass beaker (55 

 85 cm) with a 1  6.4 mm Teflon-coated cylindrical stir bar was used for all 

potentiometric measurements. The reference electrode comprising the Vycor frit was 

immersed into the sample solutions to a depth of 1 cm. 

 

Figure 2. Schematic of the experimental setup used to measure potentials at the interface 

of sample solutions and porous frits. 

Resistance Measurements. 

Resistances were measured with the known shunt method.94 The potentials (E1) of 

three porous frit reference electrodes (filled with 3 M KCl) were first measured in stirred 

and unstirred 100 μM LiCl solutions versus a free-flowing double junction reference 

electrode. The potentials (E2) were measured a second time after the porous frit reference 

electrode was shorted to the free-flowing double junction reference electrode through a 48 
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kΩ resistor in stirred and unstirred 100 μM LiCl solutions. Resistances were calculated as 

48 kΩ  (E1 – E2) / E2. 

Preparation of Lithium Acetate-13C2. 

 Dowex HCR-W2 cation-exchange resin was loaded onto a column (resin: 1.5 cm 

 20 cm) and rinsed with five column volumes of 1.0 M HCl to ensure that the resin was 

loaded with H+. The resin was then rinsed with purified water until the eluent reached pH 

= 7, as monitored with pH test strips, to ensure removal of excess HCl. Then, 1.0 M sodium 

acetate-13C2 was loaded onto the column. The acetic acid-13C2 resulting from the Na+ versus 

H+ ion exchange was eluted with purified water (~ 200 mL) until pH 6 was reached. A 

flame test was used to ensure that no Na+ was contained in the thus obtained eluent. To do 

so, a small amount of eluent was placed in a natural gas flame. The bright orange color 

characteristic for sodium was absent. The eluent containing the acetic acid-13C2 was 

neutralized to pH 7 by addition of LiOH, as monitored with a Hanna Instruments pH glass 

electrode. The resulting solutions were lyophilized, and the dried lithium acetate-13C2 was 

dissolved in D2O to give a 1.0 M solution. 

Solid-State NMR of Lithium Acetate-13C2. 

7Li and 13C solid-state NMR spectra were acquired in the absence and presence of 

Vycor glass on an Agilent 700 MHz spectrometer. Vycor frits were ground using a mortar 

and pestle to a fine powder. The powder was suspended in 1.0 M lithium acetate-13C2 and 

tightly packed into a 3.2mm solid-state NMR rotor. An additional sample was prepared 

without Vycor glass powder. 7Li and 13C NMR spectra were acquired using static and 

magic angle spinning conditions using 10 kHz spinning rate. The 1D 7Li and 13C spectra 

were processed using a 100 Hz exponential multiplication function.  
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Preparation of Porous Frit Reference Electrodes for Visualization of Diffusion and 

Flow. 

Vycor frits were cleaned and attached to glass tubes as described above. The glass 

tubes were then filled with one of four solutions, i.e., 2.5 M KSCN/1.0 M KCl, 50 mM 

FeCl3, 5 mM FeCl3, or 0.5 mM FeCl3. Finally, the tubes were stored for at least two days 

in solutions identical to those within the glass tubes. Freshly prepared FeCl3 solutions were 

used at the start of each experiment as changes in solution color were noted after one week. 

Reference electrodes filled with 2.5 M KSCN/1.0 M KCl were rinsed and placed into 

stirred or unstirred solutions of 50, 5, or 0.5 mM FeCl3. Reference electrodes filled with 

50, 5, or 0.5 mM FeCl3 were rinsed and then placed into stirred or unstirred solutions of 

2.5 M KSCN/1.0 M KCl. 

RESULTS AND DISCUSSION 

Electrode Potentials in KCl Electrolyte Solutions. 

Reference electrodes equipped with nanoporous glass junctions were immersed 

into aqueous KCl solutions under stirred/laminar-flow and unstirred conditions, and their 

half cell potentials were measured relative to a reference electrode that comprised a free-

flowing double junction (for a schematic of the experimental setup, see Figure 2). The 

reference electrodes with the frits with 2.0–5.5 nm pores were found to have the same 

reference potentials in stirred (400 rotations per minute) and unstirred solution when they 

were immersed in solutions of high ionic strength (Figure 3). When solutions of lower KCl 

concentration were stirred with a magnetic stirring bar, resulting in laminar flow conditions 

(), the potential of the reference electrodes with the nanoporous glass junction depended 

on the KCl concentration in the sample solution, which is consistent with previous reports,6, 
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22 indicating that charge screening occurs at low electrolyte solutions, causing potentials to 

develop at the nanoporous glass frit due to the negatively charged frit surfaces (i.e., 

formation of a phase boundary potential due to partial permselectivity).30, 32, 95-96 Moreover, 

even in unstirred solutions, reference potential variations were approximately five times 

greater than those predicted for a liquid-junction potential. As shown in Figure 4, when 

stirring was stopped, reference potentials stabilized after ~ 2 min to values closer but not 

consistent with those predicted for a liquid-junction potential. 

 
Figure 3. Left axis: Potentials of nanoporous frit reference electrodes as a function of the 

K+/Cl– activity of a KCl solution under stirred/laminar flow () and unstirred () 

conditions and of calculated liquid junction potentials3 () at the corresponding 

concentrations K+/Cl– activities. Right axis: Difference in E of a AgCl/Ag wire in stirred 

and unstirred conditions as a function of the K+/Cl– activity (). E was measured relative 

to a free-flowing double-junction reference electrode. E values of the nanoporous frit 

reference electrodes are corrected for liquid junction potentials at the free-flowing double 

junction.18 Error bars are 95% confidence intervals for the average of six electrodes. 
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Figure 4. Time dependent potential of a reference electrode with a nanoporous frit as a 

function of K+/Cl– activity of a KCl solution under stirred/laminar-flow () and unstirred 

() conditions. All E values are corrected for liquid junction potentials at the free-

flowing double junction electrode.19 The KCl concentration was diluted stepwise by half 

after each stirred/unstirred cycle; the numbers in the graph stand for the logarithm of the 

K+/Cl– activity. 

In control experiments, the potential of a AgCl-coated Ag wire was measured 

relative to a reference electrode with a free-flowing double junction to test the expectation 

that the reference potential of the electrode with the free-flowing double junction does not 

differ significantly in stirred and unstirred solutions. Theory predicts that the potential of a 

AgCl-coated Ag wire in KCl solution depends on the activity of Cl– in a Nernstian manner97 

and does not depend on the stirring conditions (provided the solution is already well 

mixed). Indeed, the reference potential of the electrode with the free-flowing double 

junction at each KCl concentration studied (0.8 to 9.2  10-5 M KCl) differed by less than 

1.0 mV between unstirred to stirred conditions, confirming that the changes in potential 
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upon stirring as shown in Figures 3 and 4 originate from the use of nanoporous glass frits. 

In addition, the rotation rate of the magnetic stir bar also affected the reference potential, 

with increased stir rates increasing the potential deviations (Figure S1). Similarly, a 

dependence of the reference potential on the position of the electrode can be expected if 

the reference electrode is moved between locations characterized by different rates and 

directions of the sample flow. These results show that lateral flow at the nanoporous glass 

surfaces significantly affects reference potentials and must be carefully controlled when 

working with solutions of low electrolyte strength.  

Stirred Regions within Nanoporous Frits. 

 Multiple studies have been reported that describe the qualitative and quantitative 

identity of stirred areas that form within porous media in contact with stirred solutions 

undergoing viscous flow.98-103 In order to approximate the depth to which these stirred 

regions penetrate into the porous glass network, we used a straightforward relationship 

between viscous flow and the depth that flow can penetrate into a porous surface section 

represented by spherical objects (see Figure 5). The argument is based on the classical 

Kirkwood-Riseman theory of hydrodynamic interactions in a “non-draining” polymer 

solution,88-89 but adapted to the current problem.90 Assuming a field of uniform spheres of 

radius R and total volume fraction Ø, the number density (n/V) of spheres can be calculated 

as: 

𝑛𝑛
𝑉𝑉

= 3 ∅
4 π 𝑅𝑅3

 (1) 

The shear force that is required for the flow to penetrate a distance L into the porous space 

(F1) is calculated to be: 

𝐹𝐹1 = 𝐴𝐴 𝐿𝐿 𝑛𝑛
𝑉𝑉

 6 π 𝜂𝜂s 𝑅𝑅 𝑣𝑣s (2) 
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where 𝜂𝜂s is the viscosity, 𝑣𝑣s is the velocity of the laminar flow above the porous space, and 

A is the surface area of the porous material exposed to the laminar flow. Insertion of the 

right hand side of eqn 1 for n/V in eqn 2 gives: 

𝐹𝐹1 = 4.5 𝐴𝐴 𝐿𝐿 ∅ 𝜂𝜂s 𝑅𝑅 −2𝑣𝑣s (3) 

The shear force drop across distance L (F2) can be calculated as: 

𝐹𝐹2 = 𝐴𝐴 𝜂𝜂s 𝑣𝑣s/𝐿𝐿 (4) 

Setting F1 equal to F2 gives: 

4.5 𝐴𝐴 𝐿𝐿 ∅ 𝜂𝜂s 𝑅𝑅 −2𝑣𝑣s = 𝐴𝐴 𝜂𝜂s 𝑣𝑣s/𝐿𝐿 (5) 

Eqn 5 can be solved for L as a function of the volume fraction and pore size: 

𝐿𝐿 = � 1
4.5 ∅

  𝑅𝑅 (6) 

 
Figure 5. Schematic of a field of uniform spheres (green circles) in contact with a 

laminar flow (black arrows) of velocity vs. The velocity of flow is assumed to be 0 at 

depth L into the porous field. 

 Eqn 6 predicts that the viscous flow of solution outside of a nanoporous frit with Ø 

= 0.72 and R = 1.00 – 2.25 nm will penetrate into the porous frit to a depth of order 0.56 – 

1.25 nm.92 It follows that solution flow within the few nanometers of the frit closest to the 

sample solution contributes to mass transport. When samples have a different ionic 

composition than the bridge electrolyte, this reduces the concentration of bridge electrolyte 

in the frit but near the interface of the sample and the porous frit. Moreover, the formation 
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of swirls, i.e., circular flow above the curved flow lines shown in Figure 5, has been 

shown,98 which may contribute to further local dilution of the bridge electrolyte. In the case 

of a frit filled with KCl of a high concentration and a sample solution of low ionic strength, 

local depletion of KCl within the frit results in an increase in the Debye length within the 

few nanometers of frit closest to the sample solution, increasing the extent of ionic 

screening by the charged pore walls.6, 22, 87 This description is further supported by 

resistance measurements of porous frit reference electrodes in stirred and unstirred 100 μM 

LiCl sample solutions. For unstirred solutions, a resistance of 40 ± 1 kΩ (95% confidence 

interval) was measured. For stirred solutions (400 rotations per minute), the resistance 

increased to 86 ± 2 kΩ (95% confidence interval), which is consistent with a significant 

increase in charge screening at the interface of the porous frit facing the sample due to 

penetration of lower ionic strength 100 μM LiCl solution into the frit. 

 The previously reported flow rate of nanoporous glass reference electrodes (2.0–

5.5 nm pores),6 4 nL/h, can be converted to a linear flow rate at which solution passes 

through the nanoporous frit by dividing the volumetric flow rate by the fraction of the frit 

cross section not occupied by glass (2.810–6 m2), resulting in 1.410–6 m/h. This flow 

rate is very small compared to the diffusion lengths over one hour of 3.510–3 and 3.610–

3 m (calculated as the square root of 2diffusion coefficienttime)104 for K+ and Cl–, 

respectively, which shows that only 0.04% of the net ion transport results from solution 

flow and but 99.96% of the net ion transport is the result of diffusion. This indicates that 

the decrease the measured potential, E, after stirring is stopped results from the elimination 

of convective mass transport in the surface region of the frit, allowing for diffusion to 

reestablish a high concentration of the bridge electrolyte in the surface-near region of the 
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frit, and leading to greatly decreased charge screening and a liquid junction potential that 

can be predicted with the Henderson equation.  

Ion Adsorption to Nanoporous Frits as Observed by NMR Spectroscopy. 

We used magic angle spinning (MAS) solid-state NMR spectroscopy to investigate 

whether adsorption of electrolyte ions to the surface of the nanoporous glass is significant 

and, thereby, affects the overall rate of electrolyte ion transport through the frit. Since both 

potassium and chloride do not have isotopes readily amenable to NMR spectroscopy, we 

used lithium acetate instead, which is another commonly used equitransferrent electrolyte 

often used in salt bridges.1-2 

7Li and 13C solid-state NMR spectra acquired under static conditions with 1.0 M 

lithium acetate-13C2 (7Li+, 3.25 ppm, s; 13CH3, 36.26 ppm, s; 13COO–, 194.53 ppm, s) 

exhibited signals identical to those containing 1.0 M lithium acetate-13C2 in contact with 

ground nanoporous glass recorded with a MAS rate of 10 kHz (7Li+, 3.25 ppm, s; 13CH3, 

36.58 ppm, s; 13COO–, 194.90, s). If more than a very small fraction of the 7Li+ ions in the 

system had adsorbed to the glass surface, MAS spectra would be expected to either give 

rise to new peaks at chemical shifts characteristic for the unique chemical environment on 

the glass surface or, if chemical exchange between freely dissolved and adsorbed ions were 

rapid, the chemical shifts observed with and without spinning would have been a weighted 

average between the two species. Therefore, these results show that neither lithium nor 

acetate ions adsorb to any significant level to the surface of the nanoporous glass. As prior 

work has shown only minimal differences in the effect of different electrolyte salts on 

charge screening,22 we assume that potassium and chloride also do not adsorb to the 
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nanoporous glass, an assumption that can unfortunately not be corroborated by NMR 

spectroscopy.  

Visualization of Diffusion through Nanoporous Frits. 

 In situ formation of the complex Fe[(SCN)(H2O)5]2+ where solutions of KSCN and 

FeCl3 meet and mix has been used previously to visualize the flow of bridge electrolyte out 

of reference electrodes with a free-flow design.5 However, unlike in the original work that 

took advantage of this process, flow rates through the (nanoporous) frits used in this work 

were so low that solution flow does not explain the color formation observed in our work. 

As discussed above, as a mode of mass transport through nanoporous frits, diffusion 

dominates over hydrodynamic flow. Therefore, the color changes described below provide 

a qualitative visualization of the diffusion of ions into and out of nanoporous frits and are 

only minimally affected by solution flow.  

 The two top panels of Figure 6 show three separate reference electrodes, each filled 

with 2.5 M KSCN and 1.0 M KCl, exposed to unstirred 50, 5.0 and 0.5 mM solutions of 

FeCl3. If the same solutions are mixed in a beaker, i.e., without the nanoporous frit as 

diffusion barrier, a dark red color is formed instantaneously. The reference electrode 

exposed to the 50 mM FeCl3 solution showed within a few minutes a narrow stream of red 

color that originated at the frit surface and flowed approximately vertically downwards. 

The stream could be easily misinterpreted as solution flow out of the reference electrode. 

However, this explanation is inconsistent with the small flow of solution through the frit, 

as described above. Instead, diffusion of KSCN and KCl out of the frit into the less dense 

FeCl3 solution creates locally at the interface of the frit and the solution a dense solution 

(colored by Fe[(SCN)(H2O)5]2+) that subsequently flows downwards, driven by gravity. 
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This stream persisted for the duration of the experiment. Diffusion of Fe3+ from the 50 mM 

FeCl3 solution in the beaker into the frit also resulted in the formation of the dark red 

colored Fe[(SCN)(H2O)5]2+ complex in the frit, a process that within one hour nearly 

penetrated the height of the porous frit. Note that the diffusion length of Fe3+ in bulk water 

over 1 h is 2.110–3 m,105 and Fe3+ diffusion through nanoporous frit is expected to be 

slowed down by no more than one order of magnitude due to confinement.106 Adsorption 

of Fe3+ to glass surfaces has been reported,107 but complete surface coverage (1 10–6 

mol/m2)77 of the frits used for this study (surface area approximately 7.9 m2) with Fe3+ 

would result in only 7.9 10–6 mol of Fe3+ adsorbed, which is less than 1% of the Fe3+ 

contained in the samples. Therefore, Fe3+ adsorption to glass does not affect the optical 

assessment of solution flow through the frits. 

 A downward stream of color and the Fe3+ penetration into the frit still occurred as 

the concentration of FeCl3 in the sample solutions was reduced to 5.0 mM. However, for 

the 0.5 mM FeCl3 solution neither a downward stream nor coloring of the frit was observed, 

and only a faint coloring of the FeCl3 solution was detected, despite the fact that direct 

mixing of 0.5 mM FeCl3 with 2.5 M KSCN and 1.0 M KCl in a beaker (i.e., in the absence 

of a nanoporous frit) still produces a deeply red colored solution. This is consistent with 

partial ion screening at the sample/frit interface, as also indicated by the potentiometric 

measurements. Notably, no differences in the Fe3+ penetration depth were observed for the 

50 and 5.0 mM FeCl3 solutions as a result of stirring (see Figures S1–S12), which is fully 

consistent with the explanation that (i) solution flow through the frit is extremely slow, (ii) 

convective transport as the result of stirring only penetrates a few nanometers into the frit, 
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and (iii) mass transport in the frit is dominated by diffusion, whether the solution is stirred 

or not. 

 Similarly, the bottom panels of Figure 6 show three separate reference electrodes, 

each filled with FeCl3 ranging from 50 to 0.5 mM, exposed to solutions containing 2.5 M 

KSCN and 1.0 M KCl. With these electrodes, no downward stream of color was seen 

underneath the frit due to the lower density of the FeCl3 solutions that are contained in the 

frits. Diffusion of SCN– into some of the frits still occurred as the color penetrated into the 

frits containing 50 mM FeCl3 and, to a lesser extent, frits containing 5.0 mM FeCl3. 

However, frits containing 0.5 mM FeCl3 did not show any color change, indicating that 

partial ion screening occurred, as also indicated by the top panels of Figure 6. In addition, 

planar diffusion of Fe3+ from frits containing 50 and 5.0 mM FeCl3 into the sample below 

formed a color that was much less intense than that within the frits. This is consistent with 

the expectation, based on ion concentrations and mobilities, that the flux of SCN– from the 

sample into the frit is approximately two orders of magnitude larger than the Fe3+ flux out 

of the frit into the sample. 

 Figure 6 illustrates in a clear manner that porous junctions with low flow rates 

become significantly contaminated to a depth of several millimeters within the timescale 

of only one hour. This observation should be noted when performing long-term 

measurements with low flow-rate electrolyte bridges, and it demonstrates the drawbacks 

of storing salt bridges in solutions other than the electrolyte that they contain. Videos and 

images of this process are also included in the Supplementary Information, both for stirred 

and unstirred solutions.  
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Figure 6. Top panel: Images of reference electrodes filled with 2.5 M KSCN/1.0 M KCl 

in contact with unstirred solutions of FeCl3. Bottom panel: Images of reference electrodes 

filled with FeCl3 in contact with unstirred solutions of 2.5 M KSCN/1.0 M KCl. The 

FeCl3 concentrations and times of immersion of the reference electrodes into the sample 

solutions are indicated in the individual panels. 

CONCLUSIONS 

The potentials of reference electrodes with salt bridges contained in nanoporous 

glass frits have been shown in this work to depend on the rate with which the sample 

solutions are stirred. The convection that results from stirring causes mixing of sample 

solutions with bridge electrolyte within a layer of a few nanometers of the porous medium. 
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When the sample is of considerably lower electrolyte strength than the bridge electrolyte, 

this convective mixing leads to deviations from the ideal behavior of salt bridges as it is 

predicted for a liquid-junction potential. This can be explained by an increase in the Debye 

length in the section of the frit that neighbors the sample solution, resulting in charge 

screening from the negatively charged frit surface. Reference potential measurements in 

solutions with low electrolyte strength (such as, e.g., rain water or water purified for 

industrial processing) will be particularly affected by charge screening, making accurate 

and reproducible measurements difficult. For example, a 60 mV change in reference 

potential would result in an order of magnitude error in the potentiometric measurement of 

a monovalent ion. 

In addition, nanoporous frits through which bridge electrolyte flows with a rate that 

is smaller than the diffusion rate of species contained in the sample solution may over a 

period of only a few hours become contaminated with sample components and will lose 

bridge electrolyte near the interface of the sample and the porous frit. Users of reference 

electrodes with low flow rates should be aware that contaminants that have entered the 

bridge electrolyte can clog the salt bridge or will be released into samples during 

subsequent measurements. Moreover, temporary loss of bridge electrolyte caused by 

intermittent stirring can result in temporary charge screening at the frit surface and, 

therefore, drifts of the reference potential, which is easily misinterpreted as a slow response 

of the indicator electrode. 

While all experiments presented in this work were performed with nanoporous 

glass frits, we anticipate similar effects for other nanoporous frits because materials to 

which no ions adsorb are elusive. Hydrophilic ions adsorb to polar materials, hydrophobic 
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ions adsorb onto polymeric materials without polar functional groups, and divalent cations 

such as Ca2+, Mg2+ and many multivalent heavy metal ions bind to polyethers. To minimize 

sample-dependent phase boundary potentials at the salt bridge interface, frit material and 

pore size may be chosen with a view to the type of ions that are expected in the sample. 

Alternatively, as shown in this work, the flow rate of the bridge electrolyte into the sample 

must be high enough to avoid convective mass transport of sample into the frit, e.g., as a 

result of sample stirring. 
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SUPPORTING INFORMATION 

 

Figure S1. Average potential of nanoporous frit reference electrodes as a function of stir 

rate in purified water with no added electrolyte. E was measured relative to a free-

flowing double-junction reference electrode. Error bars are 95% confidence intervals for 

the average of three electrodes. 

 

Figure S2. Image of reference electrodes filled with 2.5 M KSCN/1.0 M KCl in contact 

with 0.5 mM FeCl3 after 4 min 57 s. The solution on the left is stirred and the solution on 

the right is not stirred. The stirring bar in the left flask can be seen at the bottom of the 

flask. 
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Figure S3. Image of reference electrodes filled with 2.5 M KSCN/1.0 M KCl in contact 

with 0.5 mM FeCl3 after 30 min 32 s. The solution on the left is stirred and the solution 

on the right is not stirred. 

 

Figure S4. Image of reference electrodes filled with 2.5 M KSCN/1.0 M KCl in contact 

with 0.5 mM FeCl3 after 59 min 57 s. The solution on the left is stirred and the solution 

on the right is not stirred. 
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Figure S5. Image of reference electrodes filled with 2.5 M KSCN/1.0 M KCl in contact 

with 0.5 mM FeCl3 after 1 h 30 min 6 s. The solution on the left is stirred and the solution 

on the right is not stirred. 

 

Figure S6. Image of reference electrodes filled with 2.5 M KSCN/1.0 M KCl in contact 

with 5.0 mM FeCl3 after 4 min 59 s. The solution on the left is stirred and the solution on 

the right is not stirred. Note the thin, red, nearly vertical line in the right flask. 
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Figure S7. Image of reference electrodes filled with 2.5 M KSCN/1.0 M KCl in contact 

with 5.0 mM FeCl3 after 30 min 1 s. The solution on the left is stirred and the solution on 

the right is not stirred. 

 

Figure S8. Image of reference electrodes filled with 2.5 M KSCN/1.0 M KCl in contact 

with 5.0 mM FeCl3 after 59 min 46 s. Solution on the left is stirred and solution on the 

right is not stirred. 
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Figure S9. Image of reference electrodes filled with 2.5 M KSCN/1.0 M KCl in contact 

with 5.0 mM FeCl3 after 1 h 30 min 31 s. The solution on the left is stirred and the 

solution on the right is not stirred. 

 

Figure S10. Image of reference electrodes filled with 2.5 M KSCN/1.0 M KCl in contact 

with 50 mM FeCl3 after 5 min 17 s. The solution on the left is stirred and the solution on 

the right is not stirred. 
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Figure S11. Image of reference electrodes filled with 2.5 M KSCN/1.0 M KCl in contact 

with 50 mM FeCl3 after 30 min 5 s. The solution on the left is stirred and the solution on 

the right is not stirred. 

 

Figure S12. Image of reference electrodes filled with 2.5 M KSCN/1.0 M KCl in contact 

with 50 mM FeCl3 after 1 h 13 s. The solution on the left is stirred and the solution on the 

right is not stirred. 
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Figure S13. Image of reference electrodes filled with 2.5 M KSCN/1.0 M KCl in contact 

with 50 mM FeCl3 after 1 h 30 min 48 s. The solution on the left is stirred and the 

solution on the right is not stirred. 
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CHAPTER 4. Critical Comparison of Reference Electrodes with Salt 

Bridges Contained in Nanoporous Glass with 5, 20, 50, and 100 nm 

Diameter Pores 

Adapted from: 

Critical Comparison of Reference Electrodes with Salt Bridges Contained in Nanoporous 

Glass with 5, 20, 50, and 100 nm Diameter Pores, Anderson, E. L.; Troudt, B. K.; 

Buhlmann, P. (In Preparation) 

Contribution: 

Blair K. Troudt measured the potentials of reference electrodes in stirred and unstirred 

KCl containing solutions. This author completed all other experiments. 
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SYNOPSIS 

 Porous glass frits are frequently used to contain the salt bridges through which 

reference electrodes interface samples. Prior work with widely used frits with 4–10 nm 

diameter pores showed that, when samples have a low electrolyte strength, electrostatic 

screening of sample ions by charged sites on the glass surface occurs. This creates an ion-

specific phase-boundary potential at the interface between the sample and frit, and it biases 

the potential of the reference half cell. Use of frits with much larger pores eliminates this 

problem but results in the need for frequent replenishing of the bridge electrolyte. A 

methodical study to determine the optimum pore size has been missing. We show here that 

charge screening of simple ions occurs when the pore size of nanoporous glass frits is on 

the order of 1–50 nm and samples have a low electrolyte strength. An increase in pores size 

to 100 nm eliminates charge screening in samples with ionic strengths in the 1.0  10-3.5 

to 1.0 M range. However, the rates of electrolyte solution flow through frits with 1, 5, 20, 

50, and 100 nm pores are still low, which makes diffusion the dominant mode of ion 

transport into and out of these frits. Consequently, the flow of bridge electrolyte into 

samples is not fast enough to prevent diffusion of ions and electrically neutral components 

from the sample diffusing into the salt bridge, which can result in cross contamination 

among samples. 

INTRODUCTION 

The measurement of stable and reproducible reference potentials is an area of interest for 

many but is not without its complications.2, 6, 9, 67-68, 74, 81, 108-114 Consistent and constant 

reference potentials are particularly difficult to measure in very dilute aqueous solutions, a 

problem of concern especially for accurate pH measurements of environmental 
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importance.113, 115-118 In many cases, salt bridges are used to provide for electrical contact 

between reference electrodes and samples.119-120 At the liquid junction formed between the 

two mutually miscible electrolyte solutions, a junction potential develops that depends on 

the concentrations, mobilities, and charges of all ions involved.77 It is well known that 

electrolytes of salt bridges with matched cation and anion mobilities and a high 

concentration can be selected so as to minimize and dominate this liquid junction 

potential.1  

To reduce the contamination of samples and the salt bridge electrolyte by 

convective mixing, porous glasses with pore diameters of 4–10 nm have been used to 

contain the salt bridge.6, 22 Unfortunately, this can introduce complications due to 

electrostatic screening by electrical charges on the pore walls of these frits.22 In particular, 

sample-dependent phase boundary potentials were shown to develop at the interface of 

nanoporous glass frits with 4–6 nm pores due to the negatively charged surface of the glass 

in all but very acidic solutions.22 Therefore, the use of reference electrodes with frits that 

have such small pores is not recommended when measuring in dilute solutions, where the 

Debye length of the solution is larger than the size of the frit pores (Figure 1).22 Reference 

electrodes with 500–1000 nm pores6 did not exhibit charge screening in solutions with an 

ionic strength from 1  10-6 to 1  10-1 M and provide for reference potentials that can be 

predicted very accurately after correction of the liquid junction potential as calculated, e.g., 

with the Henderson equation.1, 3-5, 121 However, frits with 500-1000 nm pores allow for a 

flow rate of the bridge electrolyte into the sample that is often unacceptably large.6 

Similarly, polymeric frits with 1 and 10 μm pores were found to exhibit no charge screening 

but had flow rates that quickly contaminated samples and required routine filling.6 
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Reference electrodes comprising polymeric frit materials with much smaller pore sizes are 

feasible but at this point require custom synthesis and are not easy to functionalize with a 

hydrophilic surface that does not bind certain ions specifically.111  

 

Figure 1. Illustration of charge screening at the sample interface of a reference electrode 

frit. Dotted lines indicate Debye lengths. Panel A: Frit in contact with a sample of high 

ionic strength, where ions diffuse freely. Panel B: Frit in contact with a sample of low 

ionic strength, where negatively charged ions are screened by the surface charge of the 

glass frit. 

To this end, we tested in the work presented here commercially available porous 

glass frits with pore diameters of 1, 5, 20, 50, and 100 nm. The frits were used to separate 

a 3.0 M KCl bridge electrolyte solution from different types of sample solutions. Because 

stirring of samples of low ionic strength has been shown recently to enhance the level of 

charge screening by reduction of the electrolyte strength that accompanies the convective 

penetration of sample into a surface layer of a few nanometers of the frit,122 potentials in 

this work were monitored in both stirred and unstirred solutions. To determine the 
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suitability of these electrodes for measurements of environmental waters, reference 

potentials of electrodes with each pore size were also measured in solutions of pH 1.5 to 

12.5 without background electrolyte, and, therefore, low ionic strengths. Linear flow rates 

for each electrode were determined and compared to the minimum flow rate required to 

avoid contamination to the reference electrode frits due to diffusion of sample components 

into the frit. 

EXPERIMENTAL SECTION 

Materials 

Aqueous solutions were prepared using deionized and charcoal-treated water 

(>18.2 MΩ cm specific resistance) obtained with a Milli-Q PLUS reagent grade water 

system (Millipore, Bedford MA, USA). AgCl (98%), KCl, Na2SO4, CaCl2, 1.0 M NaOH, 

and 1.0 M HCl were purchased from Sigma-Aldrich, Ag wires (0.5 mm diameter, ≥ 99.9%) 

from Alfa Aesar (Tewksbury MA, USA), and porous glass disks (15 mm diameter; 1.2 mm 

thick; 1, 5, 20, 50, and 100 nm diameter pores) from Boraglas (Stuttgart, Germany). All 

chemicals were used as received. 

Reference Electrode Fabrication 

Each porous glass disks was immersed in 3.0 M KCl for a least 3 days before being 

mounted onto a custom-made poly(chlorotrifluoroethylene) electrode body (Figure S1), 

sandwiched the frit between two Viton washers. This resulted in a circular area of 8.3 mm 

diameter of the frit exposed to the sample solutions. Electrode bodies were filled with 3.0 

M KCl saturated with AgCl and AgCl/Ag wires (prepared as reported previously122) were 

inserted into the inner solution. Inner filling solutions were not sealed to allow for solution 

flow out of the electrodes through the porous glass. 
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Potential Measurements 

Potentials (E) were measured at room temperature in unstirred or stirred solutions 

(as discussed in the Results and Discussion) with an EMF 16 potentiometer (Lawson Labs, 

Malvern PA, USA) controlled with EMF Suite 1.02 software (Fluorous Innovation, Arden 

Hill MN, USA). A Corning PC-420D stir plate was used with a 150 mL glass beaker (55 

 85 cm) and a 1.0  6.4 mm Teflon-coated cylindrical magnetic stir bar. The stir bar 

rotation rate was kept constant at 400 rotations per minute. Potentials were measured 

relative to a free-flowing double-junction reference electrode with a 3.0 M KCl bridge 

electrolyte and AgCl-saturated 3.0 M KCl reference electrolyte (DX200, Mettler Toledo, 

Switzerland).5 Activity coefficients were calculated using a two-parameter Debye-Hückel 

approximation,87 and potential measurements of aqueous electrolytes (excluding pH) were 

corrected for liquid junction potentials using the Henderson equation.77 The pH was 

monitored using a glass electrode from Hanna Instruments (Smithfield RI, USA) and 

adjusted by additions of 1.0 M HCl and 1.0 M NaOH. KCl concentrations were adjusted 

by serial dilution of concentrated solutions. Na2SO4 and CaCl2 concentrations were 

adjusted by addition of concentrated stocks solutions to deionized and charcoal-treated 

water. 

Reference Electrode Flow Rate 

 Flow rates of the salt bridge solution through the frits into samples (5, 20, 50, and 

100 nm) were measured by storing the electrodes in a sealed container with 100% humidity. 

The inner compartments of the reference electrodes were filled with 3.0 M KCl to a solution 

height of 100 mm, and the solution height was monitored over a 30 day period (repeated 

three times). 
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Resistance Measurements 

Resistance was measured using a Solartron 1255B frequency response analyzer with an SI 

1287 electrochemical interface (Farnborough, Hampshire, U.K.) controlled by ZPlot 

software (Scribner Associates, Southern Pines NC, USA). Measurements were performed 

at the open circuit potential with an AC amplitude of 100 mV in 3.0 M KCl. Data was 

collected using a Pt gauze (50  13 mm) counter electrode and a AgCl/Ag wire reference 

electrode. All data fits were performed using Mathematica 10.1 (Champaign IL, USA). 

RESULTS AND DISCUSSION 

Reference Electrode Electrical Resistance 

 The electrical resistance of reference electrodes with 1, 5, 20, 50, and 100 nm pores 

confirm that each frit was filled to a substantial extent with the 3.0 M KCl inner filling 

solution (Table 1). These resistance values are consistent with those of Vycor (69 ± 17 Ω) 

and CoralPor (139 ± 53 Ω) frits.6 

Reference Potentials in Stirred and Unstirred KCl Electrolyte Solutions 

 To simulate typical applications, the reference potentials of electrodes comprising 

porous glass frits with pore diameters of 5, 20, 50, or 100 nm were measured in vigorously 

stirred (400 rotations per minute) KCl solutions (Figure 2). The reference potentials using 

porous glass with 20, 50, and 100 nm pores were statistically equivalent over the 

concentration range studied (1.0 – 3.3  10-4 M KCl), while the potential of the reference 

electrode with 5 nm pores deviated significantly at intermediate and lower ionic strengths 

indicating charge screening due to repulsion of sample anions by the negative charges on 

the glass surfaces. A lack of dependence on the ionic strength has previously also been 

reported for Electro-porous KT glass (500 – 1,000 nm pores), which is consistent with the 
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large pore size. It is worth noting that a substantial part of the electrode-to-electrode 

potential deviation that can be seen in Figure 1 is explained by variability of the AgCl-

coated Ag wire used as the inner reference electrode. In our experiments, the standard 

deviation of the EMF of AgCl coated Ag wires in 100 mM KCl versus a free-flowing 

reference electrode was measured to be ± 2.8 mV (n = 3). 

 

Figure 2. Potentials of reference electrodes as a function of K+/Cl– activity of a KCl 

solution under stirred conditions. E was measured relative to a free-flowing double-

junction reference electrode. All E values are corrected for liquid junction potentials at 

the free-flowing double junction. Error bars are 95% confidence intervals for the average 

of three separate experiments. 

Reference potentials were also measured in stirred solutions of Na2SO4 and CaCl2 

(Figure S2 and S3 of the Supporting Information) for comparison to previously reported 

results.6 As for KCl sample solutions too, measurements of reference potentials in Na2SO4 

and CaCl2 solutions indicate that reference potentials using porous glass with 20, 50, and 

100 nm pores do not suffer from charge screening at the sample interface of the frit. 
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 To assess the effect of sample stirring, the reference potentials of electrodes 

comprising porous glass frits with pore diameters of 1, 5, 20, 50, or 100 nm were measured 

in KCl solutions both under stirred (400 rotations per minute) and unstirred conditions (see 

Figure S4 of the Supporting Information). At high electrolyte strengths (> 0.1 M KCl), the 

reference potential of each electrode did not depend on whether the solutions were stirred 

or not. As the concentration of KCl was reduced (< 0.1 M KCl), the potentials of reference 

electrodes with a 1 or 5 nm pore diameter frit deviated for samples of low ionic strength 

significantly from those for electrodes with 20, 50, or 100 nm pore frits. This finding is 

consistent with observations reported previously for glass frits commercially available 

under the tradenames Vycor (4-6 nm pores) and CoralPor (4-10 nm pores).6 In addition, 

reference electrodes with a 1 or 5 nm pore diameter frit showed a response to solution 

stirring, which is consistent with an increase in charge screening as the result of the 

penetration of the sample a few nanometers into the frit, resulting in the dilution of the 

bridge electrolyte concentration with sample and, thereby, an increase in the local Debye 

length.122 

Reference Potentials in Stirred and Unstirred Solutions of pH 1.5 to 12.5 

 Reference potentials with electrodes comprising a Vycor frit (4-6 nm pores) have 

been reported to vary ≈ 40 mV from pH = 2 to pH = 12 in a 0.01 M KCl background.6 Here 

we determined the reference potentials for 5, 20, 50 and 100 nm pore diameters from pH 

1.5 to 12.5 in unstirred and stirred  solutions containing no background electrolyte (Figure 

3, 4, 5, and 6; see also Figures S5 and S6 of the Supporting Information). This type of 

experiment was performed to simulate the pH measurement of rainwater,121, 123-125 where 

no background electrolyte is present and Debye lengths are at a maximum.  
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The reference potentials of electrodes with 5 nm pores did not deviate significantly 

from that of the free-flowing liquid junction in unstirred solutions until a pH greater than 

9 was reached (Figure 3). Note that potentials in Figure 3 were not corrected for the liquid 

junction potential at the free-flowing double junction electrode with respect to which the 

potential were determined. Therefore, the absence of deviations in the reference potential 

indicates that the reference potential of the free-flowing liquid junction, with contributions 

from the liquid junction potential at the interface of the 3 M KCl bridge electrolyte with 

the sample, is the same as that of the porous frit reference electrode. In contrast to the 

results for frits with 5 nm pores in unstirred solutions (Figure 3), in stirred solutions, these 

electrodes show significant deviations in reference potentials from pH 1.5 to 12.5 of up to 

≈ 40 mV. This large deviation is consistent with what has been reported for Vycor frits (4-

6 nm pores).6 

 

Figure 3. Potentials, E, of reference electrodes with 5 nm pores as a function of pH in 

unstirred and stirred solutions, measured relative to a free-flowing double-junction 

reference electrode. Data is not corrected for liquid junction potentials. Error bars are 

95% confidence intervals for the average of three separate experiments. 
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Figure 4. Potentials, E, of reference electrodes with 20 nm pores as a function of pH in 

unstirred and stirred solutions, measured relative to a free-flowing double-junction 

reference electrode. Data is not corrected for liquid junction potentials. Error bars are 

95% confidence intervals for the average of three separate experiments. 

 Electrodes with 20 nm pore frits (Figure 4) and to a lesser extent electrodes with 50 

nm pore frits (Figure 5) showed slight deviations from ideal liquid junction behavior at pH 

values of 10 to 12, as evident from the difference in E in the unstirred and stirred cases. 

This indicates that charge screening occurs in this case for the 20 and 50 nm pores too, 

unlike in the case of the KCl, Na2SO4 and CaCl2 experiments shown in Figures 1, S2, and 

S3. In contrast, the potentials of electrodes with 100 nm pores did not deviate significantly 

from those for reference electrodes with a free-flowing liquid junction, nor did their 

reference potential depend on the solution being stirred or not (Figure 6). This shows that 

reference electrodes with pore diameters ≥ 100 nm can be used without charge screening 

contributing to the measured reference potential.77 
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Figure 5. Potentials, E, of reference electrodes with 50 nm pores as a function of pH in 

unstirred and stirred solutions, measured relative to a free-flowing double-junction 

reference electrode. Data is not corrected for liquid junction potentials. Error bars are 

95% confidence intervals for the average of three separate experiments. 

 

Figure 6. Potentials, E, of reference electrodes with 100 nm pores as a function of pH in 

unstirred and stirred solutions, measured relative to a free-flowing double-junction 
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reference electrode. Data is not corrected for liquid junction potentials. Error bars are 

95% confidence intervals for the average of three separate experiments. 

Flow Rate of the Bridge Electrolyte 

Previously, we reported that the flow rate of reference electrodes is an important 

factor in determining the level of contamination that may occur from diffusion of small 

sample ions into the porous frit, with small ions such as K+, Cl-, and Fe3+ diffusing a few 

millimeters over one hour.122 Here we determined the volumetric flow rates of reference 

electrodes with Boraglas frits using a setup in which the bridge electrolyte level in the 

reference electrode was 100 mm higher than the sample, producing a pressure of 9.8  10-

3 bar. This resulted in volumetric flow rates for 5, 20, 50, and 100 nm pores in the range 

from 0.0035 to 14 μL/h (see Table 1), which were converted to linear flow rates with which 

solution passes through the nanoporous frits by dividing the volumetric flow rates by the 

fraction of the frit cross section not occupied by glass (3.910–5 m2). This resulted in flow 

rates between 8.910-4 mm/h for the smallest and 3.610-1 mm/h for the largest pore frits. 

Flow rates for the 1 nm pore frits could not be measured with this method because of the 

extremely small flow rate. The comparison of these linear flow rates with the typical 

distance small ions diffuse in one hour shows that diffusion dominates the transport of ions 

for all pore diameters studied. Therefore, the solution within the porous frits will be 

contaminated by samples over the timescale of typical experiments. While the glass frits 

with pore diameters of 50 and 100 nm show no charge screening in solutions of varying 

pH and ionic strength, contamination of the bridge electrolyte may alter reference 

potentials over the time course of measurements and contribute to cross contamination 
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between different samples. This linear flow rate could be increased by pressurizing the 

inner filling solution, but that would lead to significantly increased volumetric flow rates. 

Table 1. Flow rate, resistance, and linear flow rates of reference electrodes with 1, 5, 20, 

50, and 100 nm Boraglas disks. 

 1 nm 5 nm 20 nm 50 nm 100 nm 

Flow Rate (μL/h) ˂ 0.035* 0.035 ± 0.027 0.67 ± 0.07 3.0 ± 0.6 14.0 ± 0.5 

Resistance (Ω, 

filled with 3 M KCl) 
8,000 ± 1,000 240 ± 20 130 ± 10 130 ± 10 130 ± 10 

Linear Flow Rate 

(mm/h) 
˂ 8.910-4* 8.910-4 1.710-2 7.610-2 3.610-1 

* Not measured experimentally 

CONCLUSIONS 

The reference potentials of electrodes with porous glass comprised of pore 

diameters between 1 and 100 nm were measured in solutions of varying electrolyte 

concentration and pH (excluding 1 nm pores). On one hand, reference potentials of 

electrodes with pore diameters of 1, 5, 20, and 50 nm were found to depend both on the 

sample and stirring conditions. These changes in reference potential result from charge 

screening of ions at the interface of the porous frit and the sample. This makes these pore 

sizes undesirable for reference electrode use in samples of intermediate or low ionic 

strength. On the other hand, electrodes comprising frits with pore diameters of 100 nm 

were found to provide reference potentials that vary with the liquid junction potentials as 

it can be predicted with the Henderson equation, exhibiting no charge screening. While the 

potentials of these reference electrodes did not vary with the ionic strength, the flow rates 
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of their salt bridges were found to be too low to limit diffusion of sample components into 

the frits when the only force driving convective flow through the frit was the pressure 

resulting from a bridge electrolyte level 100 mm above the sample. This can cause 

contamination of the frit and carry-over of contaminants into other samples.  

Having tested 1, 5, 20, 50, and 100 nm glass frits, we can recommend use of the 

100 nm glass frits for applications that involve samples of low ionic strength. However, 

when cross contamination of samples and bridge electrolyte is a concern, liquid junctions 

characterized by a small volumetric but a large linear flow rate of the bridge electrolyte 

into the sample are advantageous. In such cases, other junction types, such as capillary 

junctions, appear superior to junctions formed at porous frits. 
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Figure S1. Schematic of custom-made poly(chlorotrifluoroethylene) electrode bodies.126 

 

Figure S2. Potentials, E,  of reference electrodes as a function of the Na+ activity in 

Na2SO4 solutions under stirred conditions, measured relative to a free-flowing double-

junction reference electrode. All E values are corrected for liquid junction potentials at 

the free-flowing double junction. 

 

Figure S3. Potentials, E, of reference electrodes as a function of the Ca2+ activity in 

CaCl2 solutions under stirred conditions, measured relative to a free-flowing double-
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junction reference electrode. All E values are corrected for liquid junction potentials at 

the free-flowing double junction. 

 

Figure S4. Potentials, E, of reference electrodes as a function of K+/Cl– activity of a KCl 

solution under stirred (empty symbols or ) and unstirred (filled symbols or ) 

conditions, as measured relative to a free-flowing double-junction reference electrode. 

All E values are corrected for liquid junction potentials at the free-flowing double 

junction. 
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Figure S5. Potentials, E, of reference electrodes as a function of pH in unstirred 

solutions, measured relative to a free-flowing double-junction reference electrode. Data 

are not corrected for liquid junction potentials. Error bars are 95% confidence intervals 

for the average of three separate experiments. 

 

 

 

Figure S6. Potentials, E, of reference electrodes as a function of pH in stirred solutions 

(400 rotations per minute), measured relative to a free-flowing double-junction reference 

electrode. Data are not corrected for liquid junction potentials. Error bars are 95% 

confidence intervals for the average of three separate experiments. 
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SYNOPSIS 

Mesoporous glasses (≈ 10 nm pores) and macroporous polymers (≈ 1 µm pores) 

are often used as frits in the fabrication of aqueous reference electrodes. These frits function 

as salt bridges that allow for electrical contact between the sample and reference solutions 

while slowing cross contamination of the two solutions. Unfortunately, mesoporous glass 

and macroporous polymer frits used for these purposes inherently result in sample-

dependent potentials or in rapid cross contamination of the sample and reference solutions, 

respectively. To address these issues, we synthesized mesoporous polymer frits, with much 

smaller pore sizes (≈ 10 nm) and electrically neutral hydrophilic pore walls. These 

monoliths were prepared from a bicontinuous, microphase-separated, and cross-linked 

block polymer precursor, i.e., poly(lactide)-b-poly(isoprene)-b-poly(styrene-co-

divinylbenzene), PLA-b-PI-b-P(S-co-DVB). The PLA serves as a selectively etchable 

sacrificial block, the PI provides latent reactive sites on the pore walls, and the P(S-co-

DVB) forms the mechanically robust matrix. Subjecting the PI repeat units in the monoliths 

to epoxidation and subsequent hydrolysis reactions renders the pore walls hydrophilic and 

uncharged, permitting the use of the polymer as a porous frit material in reference 

electrodes with aqueous electrolyte solutions. This monolith chemistry allows for reference 

electrodes with reduced flow rates that approach those of mesoporous glass frits, and thus 

mitigated cross contamination. Moreover, reference electrode potential variations are 

reduced across a large range of electrolyte concentrations. 

INTRODUCTION 

Reference electrodes are necessary for the majority of electroanalytical 

techniques.2, 5, 7, 70 Ideally, these electrodes provide stable and reproducible reference 
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potentials (i.e., half cell potentials) that are independent of the sample solutions they are 

necessarily contacting. They often comprise of a porous frit filled with an electrolyte 

solution or ionic liquid,10, 69, 71, 127 where the porous material or ionic liquid forms a barrier 

between the sample and the inner filling solution of the reference electrode, minimizing 

mixing of these two solutions while maintaining electrical contact.2 Mesoporous glass frits 

with pore sizes of ≈ 10 nm and, more recently, macroporous polymers with pore sizes of ≈ 

1 μm, are often used for this purpose.6, 22, 25-26 However, the use of the former can introduce 

errors in many measurements due to electrostatic screening caused by the surface charge 

density on the silica pore walls,32 while the latter are not suitable for long-term 

measurements as the larger pore sizes allow for more rapid cross contamination of the 

sample and reference solution.6, 22 To address these limitations, we developed an alternative 

frit material that reduces the dependence of the reference potential on the sample while still 

maintaining low flow rates. Specifically, we prepared a new polymeric monolith with pores 

sizes in the 10 nm range and uncharged, hydrophilic pore surfaces. 

Exploiting the versatility of block polymer microphase-separation is an attractive 

route to the production of mesoporous materials.128 In particular, block polymers offer both 

the ability to create well-defined structures on the nanometer length scale, as well as a wide 

range of possibilities for tuning pore wall functionality. A variety of techniques have been 

applied to tune the pore wall chemistry of mesoporous polymers, including the use of 

multiblock polymers,129 blends,130 the incorporation of functional groups into the block 

junction,131 and selective swelling with additives.132 Moreover, the inherent flexibility of 

these systems allows for their use in a variety of aqueous solution applications by directly 

tuning the functionality of the pore surfaces.133-135 However, their use as reference 
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electrode frits has not been reported yet. Here, we report the synthesis of mesoporous (dry 

state pore size 12–25 nm) polymer monoliths with hydrophilic functional groups on the 

pore walls and their application as electrolyte solution-filled porous frit reference 

electrodes. Specifically, we synthesized mesoporous polymer monoliths with a disordered 

bicontinuous structure, where one domain is a percolating pore network that, when filled 

with electrolyte solution, facilitates ion transport, and the other domain is a rigid matrix 

that imparts mechanical stability and chemical functionality. The mesoporous polymer 

reported herein outperforms current commercially available reference electrode frits, 

which we attribute to the lack of surface charges on the pore walls of the polymer monolith, 

combined with the small pore size. 

EXPERIMENTAL 

Preparation of Mesoporous Polymer Monoliths. 

Using the previously reported technique of polymerization-induced microphase 

separation to prepare bicontinuous polymer monoliths, we synthesized mesoporous 

polymer monoliths with hydrophilic pore walls, as outlined in Figure 1.136 In particular, the 

chain transfer agent (CTA) (S)-1-dodecyl-(Sʹ)-(α,α′-dimethyl-α″-acetic acid) 

trithiocarbonate137 was coupled to the hydroxyl terminus of hydroxyl-terminated 

poly(lactide) (PLA, Mn, PLA = 27 kg mol-1), as reported previously.129 The obtained PLA-

CTA was then used as a macroinitiator in the reversible addition–fragmentation chain 

transfer (RAFT) polymerization of isoprene (I) using a procedure adapted from the 

literature (see the Supporting Information for more details),138 yielding a series of PLA-b-

PI-CTA diblock macro-CTAs (Mn, PI
 = 1.4, 7, and 15 kg mol–1; see Figures S1 and S2 for 

size exclusion chromatography, SEC, and NMR spectroscopy characterization). The PLA-
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b-PI-CTAs were used in the RAFT copolymerization of styrene (S) and divinylbenzene 

(DVB) monomers to produce a cross-linked nanostructured solid. As the polymerization 

proceeded, the growing P(S-co-DVB) block microphase-separated from the PLA-b-PI 

segments, and in situ cross-linking trapped a bicontinuous structure. The PLA block was 

then selectively etched in aqueous solutions of base to afford a mesoporous monolith 

containing PI and a P(S-co-DVB) matrix. Subsequent treatment with m-

chloroperoxybenzoic acid (m-CPBA) was used in an attempt to epoxidize the PI block.139 

Lastly, the acid-catalyzed ring-opening of a portion of the epoxide groups to the 

corresponding polyol was employed to render the pore walls hydrophilic.140 The addition 

of hydrophilic functional groups in this way to the hydrophobic mechanically robust matrix 

was used to increase the wettability of the monolith pores without introducing charged 

species that hinder ion transport through the mesoporous polymer.22 For a constant PLA 

molar mass and varied PI molar mass, we were able to control the PI content and thus 

functional group density while retaining the overall morphology and bicontinuous 

structure. The mesoporous polymer monoliths were then used as reference electrodes frit 

materials suitable for aqueous solution applications. The monoliths are referred to as LI 

xx-yy where xx and yy denote the Mn of the PLA and PI blocks used in their preparation, 

respectively. 
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Figure 1. Preparation of nanostructured block polymer monoliths. (A) PLA-b-PI-CTA is 

dissolved in S and DVB monomers to form a homogenous reaction mixture. (B) RAFT 

copolymerization of the monomers produces a bicontinuous PLA-b-PI-b-P(S-co-DVB) 

block polymer precursor. (C) Selective etching of PLA results in a mesoporous polymer 

monolith with PI lining the pore walls of the P(S-co-DVB) matrix. (D) The anticipated 

surface chemistry of the pore walls that results from first the epoxidation of the PI alkene 

groups, followed by hydrolysis. 
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Characterization of Polymer Macro-CTAs and Monoliths. 

The thermal properties of the macro-CTAs and monoliths were characterized by 

differential scanning calorimetry (DSC). The most asymmetric macro-CTA (LI 27-1.4) 

exhibited only a single glass transition (Tg), presumably due to the low volume fraction of 

PI. All other macro-CTAs showed two Tgs, at –62 and +49 °C, corresponding to relatively 

pure microdomains of PI and PLA, respectively (Figure S3).141 In the nanostructured 

monoliths, the Tg of the PLA block remains at 49 °C, consistent with its microphase 

separation from the P(S-co-DVB) matrix, while the Tg of the PI is no longer observed, 

likely because of its low volume fraction in the monolith (Figure S4). The heating of 

hydroxyl-terminated PS-b-PI-b-PLA-OH in styrene monomer at 120 °C shows no 

observable change in the SEC trace of the block polymer (Figure S5), which suggests that 

PI does not cross-link to an appreciable extent during styrene polymerization.  

Small-angle X-ray scattering (SAXS) profiles in the nanostructured polymer 

monoliths indicate that compositional heterogeneities are present both before and after 

etching (Figure 2). The single broad scattering peak is characteristic of disordered 

microphase-separated block polymers, and the increase in scattering intensity after etching 

is consistent with the increased electron density contrast of the pores with the polymer 

matrix. As the molar mass of the PI block increases, the position of the scattering peak 

shifts slightly towards larger wavevectors (q* = 0.14–0.18 nm-1), which corresponds to the 

formation of smaller domains (D = 45–35 nm). The development of a more prominent 

shoulder at 2q* with increasing PI molar mass indicates an increase in the local coherence 

length. 
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Figure 2. SAXS patterns of the nanostructured block polymer precursors (solid lines) and 

the corresponding nanoporous polymers (dashed lines). The increased scattering intensity 

after etching is consistent with the increased electron density contrast of the pores with 

the polymer matrix. The data are arbitrarily shifted between samples, but the relative 

intensities before and after sample etching are maintained. 

The mesoporous monoliths were imaged using scanning electron microscopy 

(SEM) where the light gray regions are the PI-b-P(S-co-DVB) matrix and the dark regions 

are the mesopores (Figures 3 top and S6). Qualitatively, the morphology is independent of 

PI molar mass, and a bicontinuous structure is apparently attained in all cases. Differences 

in porosity were compared across the monoliths using nitrogen sorption measurements, 

which gave type IV isotherms with H2 hysteresis (Figure S7).142 Mesopore size 

distributions were estimated using quenched solid density functional theory and were 

largely independent of the PI molar mass, with all compositions having average pore sizes 
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of 14 nm (Figure 3 bottom).143 The Brunauer–Emmett–Teller surface areas were 105, 99, 

and 79 m2 g-1, and total pore volumes 0.38, 0.38, and 0.29 mL g-1 for LI 27-1.4, LI 27-7, 

and LI 27-15, respectively.53 As expected, the pore size, which most strongly depends on 

the molar mass of PLA, is largely invariant across the compositions studied, and the pore 

volumes and surface areas decrease with decreasing PLA content. 

 

Figure 3. Nanoporous polymer monolith characterization after etching out of PLA. Top: 

Representative SEM micrograph of mesoporous PI-b-P(S-co-DVB) derived from LI 27-

1.6 after coating with ca. 3 nm Pt. Bottom: Mesopore size distributions based on QSDFT 

fits of nitrogen sorption isotherms. 
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Fourier transform infrared spectroscopy further corroborated the formation of 

functional nanoporous polymer monoliths (Figure 4). The complete etching of PLA was 

confirmed by the disappearance of the carbonyl stretching band at 1750 cm-1, and the 

epoxidation of PI is suggested by the appearance of a low intensity resonance associated 

with the epoxide at 1258 cm-1. Based on results from a similar study129 in which PS-b-PI-

b-PLA self-assembled to form cylindrical PLA core domains surrounded by PI shells in a 

PS matrix, we do not expect complete epoxidation of the PI repeat units, likely due to the 

limited accessibility of the alkene groups near the interface of PI-b-P(S-co-DVB). 

Elemental analysis supports the epoxidation of the mesoporous monolith, where the C wt 

% is predicted to decrease by 1.9% and was experimentally found to decrease by 2.0%, 

which is within experimental error (Table 1). The epoxide was then subjected to hydrolysis 

conditions in an attempt to generate the corresponding polyol. Successful hydrolysis was 

suggested by the appearance of a very weak vibrational band at 1184 cm-1, consistent with 

a C–O stretch in a tertiary alcohol, and the attenuation of the peak at 1258 cm-1. Due to the 

low concentration of functional groups, more conclusive spectroscopic evidence was 

difficult to obtain (Figure S8). The carbon content of the monoliths with hydroxyl groups 

did not decrease by the amount expected assuming 100% epoxidation. Nonetheless, 

monoliths that were subjected to hydrolysis and then dried were again wettable with water, 

whereas the corresponding epoxidized monoliths were not. This observation is consistent 

with at least some level of successful epoxide hydrolysis. 
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Figure 4. FTIR spectra of the PLA-b-PI-b-P(S-co-DVB) block polymer precursor, the 

PI-b-P(S-co-DVB) mesoporous polymer monolith, the mesoporous polymer monolith 

after epoxidation of PI, and the mesoporous polymer monolith after ring-opening of the 

epoxide to the corresponding polyol. The triangles indicate 1750, 1258, and 1184 cm-1. 

Spectra have been shifted vertically for clarity. 

 
Table 1. Calculated and measured carbon and hydrogen elemental analysis for a monolith 
derived from a PLA-b-PI-CTA (Mn, PLA = 27 kg mol-1, Mn, PI = 7 kg mol-1). 

 
 

 a 

Calculated for 100% epoxidation of PI. b Calculated for 100% conversion of the epoxide 
to the corresponding polyol. Error bars represent standard deviations of measurements of 
three different samples. 
 

 Calculated (wt %)  Measured (wt %) 
 C H  C H 

Nanostructured precursor 81.2 7.5  79.2 ± 0.2 7.3 ± 0.1 
Mesoporous monolith 91.7 8.1  90.3 ± 0.4 8.1 ± 0.2 
Epoxidized monolith 89.8a 8.0a  88.3 ± 0.4 7.6 ± 0.1 
Monolith with polyol 87.8b 8.1b  88.7 ± 0.5 7.6 ± 0.3 
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Polymer Monoliths as Reference Electrode Frits. 

For electrochemical testing, we prepared reference electrode frits of composition 

LI 27-1.6, 27-7, and 27-13. Preparation of these frits is convenient as the reaction mixture 

adopts the shape of the reaction container, allowing for the shape and size of the frits to be 

easily adjusted. The electrical resistance of the frits in aqueous 3 M KCl solution was 

measured to evaluate wetting and filling of the pores with aqueous electrolyte solution. The 

measured resistances were 700 ± 200, 700 ± 100, and 630 ± 40 Ω for LI 27-1.6, 27-7, and 

27-13, respectively. While these resistances are slightly larger than what has been reported 

for mesoporous glass frits (≈ 100 Ω),22 they are comparable to those of commercially 

available macroporous polyethylene frits (≈ 420 Ω),6 which have pore sizes that are three 

orders of magnitude larger. Importantly, the measured electrical resistance of the 

mesoporous frits in this work are well within the range suitable for electrical measurement 

with commercially available potentiometers.6  

Additionally, the small pore size of the frits prepared by polymerization-induced 

microphase separation minimizes the flow rate of solution out of the frits, thereby 

decreasing the mixing of sample and reference solutions. This was shown by mounting the 

frits to the end of a glass tube and filling of the latter with 3 M KCl solution, generating a 

pressure of 5 mbar. In this practically relevant setup, the monoliths exhibited flow rates of 

0.007 ± 0.003 μL h-1 (see SI for full experimental description), which is comparable to 

values reported for nanoporous glass (≈ 0.004 μL h-1)6 and five orders of magnitude smaller 

than for polyethylene frits (318 μL h-1).6 

Reference electrodes equipped with polymer monoliths that separate the inner 

reference electrolyte solution from aqueous sample solutions were prepared and used to 
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determine the effect of ions of various size and charge on the measured EMF (see Figure 

S9 for a schematic of the experimental setup). Specifically, EMF responses to KCl (Figure 

5 and S10), Na2SO4 (Figure S11), CaCl2 (Figure S12), and tetrabutylammonium chloride 

(Figure S13) were determined over a wide range of concentrations. A subset of data for 

experiments conducted with KCl is presented in the left panel of Figure 5. To test for 

hysteresis, data was collected while repeatedly diluting electrolyte solutions, followed by 

addition of concentrated electrolyte to the previously diluted solutions (right panel of 

Figure 5). No hysteresis effects were noted as all data points for the dilutions and additions 

were within the 95% confidence interval of the average measurement of three electrodes 

at the respective concentration. In addition, reference electrodes were stored after the initial 

measurements for one year in 3 M KCl before retesting, which led to no changes in EMF 

response (Figure S14). 
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Figure 5. EMF of reference electrodes with PLA-b-PI-CTA frits of composition LI 27-

1.6, 27-7, and 27-13 as a function of K+/Cl– activity of a KCl solution. EMF values were 

measured against a free-flowing double-junction reference electrode. All EMF values are 

corrected for liquid junction potentials at the free-flowing double junction. Left panel: 

Black symbols represent the average EMF of three electrodes with the different frits 

measured during the dilution of KCl solutions. Right panel: Black symbols represent the 

average EMF during the dilution of KCl solutions, and blue symbols represent the 

average EMF during the addition of concentrated KCl after the dilution experiments. 

Error bars are 95% confidence intervals for the average of three electrodes. See the SI for 

full sets of data (Figure S9). For comparison, commercially available mesoporous 

materials exhibit EMF of ≈ 150 mV over the same KCl activity range.22 

 

EMF changes of ≈ 50 mV over the entire K+/Cl– activity range were observed for 

all mesoporous polymers with polyols on the pore walls, with very small effects of the 

polymer composition, which varied in a tenfold range. This confirms reduced electrostatic 
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screening as compared to commercially available mesoporous materials, such as the ≈ 150 

mV response previously reported for commercial mesoporous glass frits.22 In the 

mesoporous glass frits, the electrostatic screening is caused by surface charges on the silica 

pore walls, which prevents transport of those ions through the pores of the glass. This ion 

screening is highly dependent on the ionic strength of the solutions in contact with the frit 

material as the ionic strength determines the distance over which electrostatic effects 

persist in the solution (as characterized by the Debye length).144 A decreased ionic strength 

(i.e., lower electrolyte concentration) leads to longer Debye lengths, causing increased 

electrostatic screening. The chemistry employed in the current work suggests that after 

PLA etching the PI block would be terminated with a carboxylic acid, which would be 

negatively charged at high enough pH. However, the concentration of end groups is low 

and the mesoporous polymer contains primarily uncharged pore walls, which significantly 

mitigates these electrostatic screening effects. For comparison, a maximum surface 

coverage of carboxylic acid groups is calculated to be ~0.09 groups/nm2 by assuming that 

each carboxylic acid group is located on the surface of a pore wall. This surface 

concentration is much lower than that expected for monolayer coverage at 6 groups/nm2 

and would be even lower if some of the carboxylic acid groups were inaccessible to water 

filling the mesopores.77 

In addition, EMF responses to pH were measured in solutions of pH ranging from 

2 to 12 without (Figure S15) and with (Figure 6 and S16) a 10 mM KCl supporting 

electrolyte. The data in Figure 6 can be directly compared to those from earlier work with 

mesoporous glass frits.6 In equivalent experiments with the commercially available 

mesoporous glass frits, changes in the EMF of up to 40 mV were observed, whereas 
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reference electrodes with the polymer monolith frits from this work exhibited only an EMF 

variability of ≈ 10 mV. In particular, the potential variations at pH > 4 were only a few 

mV, making these mesoporous polymer monolith frits very suitable for pH measurements 

in most environmental samples, which typically have low electrolyte strength and are very 

rarely strongly acidic.108, 115-118, 121, 124-125, 145 

 

Figure 6. EMF of reference electrodes with PLA-b-PI-CTA frits of composition LI 27-

1.6, 27-7, and 27-13 as a function of pH in a 10 mM KCl solution. EMF values were 

measured against a free-flowing double junction reference electrode. All EMF values are 

corrected for liquid junction potentials at the free-flowing reference electrode. Black 

symbols represent the average EMF of three electrodes measured during the addition of 

KOH to a 10 mM HCl solution. Error bars are the 95 % confidence interval for the 

average of three electrodes. 

CONCLUSIONS 

We have synthesized a series of functional mesoporous polymer monoliths with 

tailored surface chemistry derived from block polymer precursors. The bicontinuous 

structure of the PLA-b-PI-b-P(S-co-DVB) allows for the straightforward preparation of 
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mesoporous materials, with PI serving as a latent reactive block for the introduction of 

epoxide/polyol functionality onto the pore walls. The utility of the monoliths is 

demonstrated in the fabrication of reference electrodes, where the pore wall chemistry and 

pore size of these functional polymer monoliths circumvents limitations of analogous 

inorganic structures. Specifically, the reduced interactions of the neutral, but polar 

functionalities with cations decrease the potential variations with electrolyte strength by a 

factor of 3 and the variations with pH by a factor of 4 relative to commercially available 

mesoporous glass frits, while retaining the low flow rates characteristic of small pore sizes. 

In addition to the benefits these polymeric frits contribute to reference electrodes, we also 

envision the versatility of this approach to be expanded to other aqueous solution 

applications. 
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SUPPORTING INFORMATION 

Materials. 

All chemicals were purchased from Sigma Aldrich, unless otherwise noted. Benzyl 

alcohol (anhydrous) and triethylaluminum (1 M solution in hexanes) were stored in a 

nitrogen-atmosphere glovebox and used as received. D,L-lactide (generously donated by 

Altasorb) was recrystallized twice from toluene, dried under reduced pressure, and stored 

in a glovebox. Dry toluene was obtained from a Glass Contour Solvent Purification system 

(Pure Process Technology). Isoprene (99%), t-butyl peroxide (tbp), and dioxane were 

filtered over neutral alumina that was previously dried at 200 °C under reduced pressure. 

Styrene (S) (99%) and divinylbenzene (DVB) (technical grade, 80%) were filtered over 

basic alumina prior to use. Azobisisobutyronitrile (AIBN) was recrystallized from 

methanol and dried under reduced pressure. 

EXPERIMENTAL 

Synthesis of Poly(lactide)-b-poly(isoprene) Macro-chain Transfer Agent (PLA-b-PI-

CTA). 

Hydroxyl terminated poly(lactide) (PLA) (Mn
NMR = 27 kg mol-1, Mw

SEC = 29 kg 

mol-1
, Đ = 1.11) was synthesized as previously reported.37 The chain transfer agent (CTA), 

(S)-1-dodecyl-(Sʹ)-(α,α′-dimethyl-α″-acetic acid) trithiocarbonate, was synthesized137 and 

coupled to the hydroxyl terminus of PLA129 as previously reported. 
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PLA-CTA was used as a macroinitiator to polymerize isoprene in a procedure that was 

adapted from the work of Germack and Wooley on the preparation of block polymers 

containing poly(isoprene) (PI) blocks.138 It should be noted that the polymerization 

temperature (125 °C) was significantly above the boiling point of isoprene (34 °C); 

therefore, polymerizations were conducted in fume hoods with additional shielding, and in 

pressure vessels with at least half of the volume unoccupied. In a typical polymerization, 

PLA-CTA (0.62 g, 24 µmol), isoprene (1.16 mL, 12 mmol), t-butyl peroxide (1 µL, 4.8 

µmol), and dioxane (2.5 mL) were vortexed in a 20 mL scintillation vial to afford a clear 

yellow solution. The reaction mixture was then transferred to a dried 48 mL sidearm 

pressure vessel equipped with a stir bar and then degassed by three cycles of freeze-pump-

thaw. After the third cycle, the vessel was backfilled with argon, sealed, and immersed in 

an oil bath at 125 °C for 21 h. The polymerization was quenched by immersion into liquid 

nitrogen. The solution was then thawed to room temperature, and excess monomer was 

removed in vacuo. The remaining yellow solid polymer was dissolved in minimal 

dichloromethane and twice precipitated into cold methanol. The polymer was then dried 

under reduced pressure at 55 °C for 16 h; yield 0.72 g, Mn, PI 
NMR = 6.9 kg mol-1. 

Synthesis of Nanoporous Polymer Monoliths. 

Reaction mixtures were prepared by dissolving PLA-b-PI-CTA (32 wt%) in a 4/1 

molar mixture of S/DVB. AIBN (2 wt % in toluene, 0.4 molar equivalents to PLA-b-PI-

CTA) was added and the reaction mixture was sealed with electrical tape, without 

degassing, in a 1 dram vial (for characterization) or an NMR tube (4 mm inner diameter, 

for electrochemical testing). The mixture was polymerized at 120 °C for 20 h, and the 

cross-linked solids were dried under reduced pressure for 16 h. The 4 mm diameter 
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monolith for electrochemical testing was cut into several cylinders of height 3.1 ± 0.6 mm. 

The PLA domains were then selectively etched by placing the monolith in a 0.5 M NaOH 

solution in 6/4 water/methanol (v/v) at 70 °C for 3 days. Monoliths for characterization 

were dried under reduced pressure at room temperature for 16 h. Monoliths for epoxidation 

were stored in deionized water until use to maintain the wetting of the pores. 

Epoxidation of PI. 

Epoxidation of the PI block was conducted following a previously reported 

procedure using a solution of m-chloroperoxybenzoic acid (77 wt%) in tert-butyl 

alcohol.139 Monoliths for characterization were dried under reduced pressure at room 

temperature, while monoliths for further functionalization were stored in deionized water. 

Preparation of Polyol. 

The epoxides were ring-opened to form the corresponding polyol by heating the 

monoliths with water-filled pores and residual m-CPBA at 40 °C for 1.5 h, which was 

adapted from a previously reported procedure.140 

Reference Electrodes. 

Reference electrodes were built as previously reported.22 Monoliths were pre-wet 

with ethanol prior to three exchanges with 3M KCl. 

1H Nuclear Magnetic Resonance (NMR). 

NMR spectra were collected on a Bruker Advance III HD 500 MHz spectrometer 

in CDCl3 with TMS as an internal reference. Spectra are the average of 64 scans with a 20 

s delay.  
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Size Exclusion Chromatography (SEC). 

SEC analysis was conducted with tetrahydrofuran as eluent at 25 °C at a flow rate 

of 1 mL min-1. The separation was performed using an Agilent 1260 liquid 

chromatograph system with three Waters Styragel columns and a Wyatt DAWN Heleos 

II multi-angle laser light scattering detector and a Wyatt OPTILAB T-rEX detector. The 

mass-average molar mass of PLA was determined using dn/dc = 0.049 mL g-1.146 SEC 

with chloroform as eluent was conducted on an Agilent 1100 liquid chromatograph 

system at 35 °C with a flow rate of 1 mL min-1 and a HP1047A refractive index (RI) 

detector. The separation was obtained on Varian PLgel Mixed C columns.  

Fourier Transform Infrared (FTIR). 

FTIR spectra were obtained on a Bruker Alpha Platinum ATR spectrometer and are the 

average of 32 scans and a 10 s delay. 

Elemental Analysis. 

Elemental analysis was performed at Atlantic Microlabs (Norcross, GA). Samples 

were dried under reduced pressure for a minimum of 16 h and then sealed in glass vials 

with parafilm. The reported averages and standard deviations are from three separate 

samples.  

Differential Scanning Calorimetry (DSC). 

DSC thermal analysis was performed on a TA Instruments (New Castle, DE) 

Discovery DSC calibrated using indium. Samples (5-10 mg) were loaded into standard T-

zero aluminum pans with hermetic lids. The analysis was run under a nitrogen purge with 

an empty pan as a reference. Heating ramp rates were 10 °C min-1, and cooling ramp rates 

were 2 °C min-1. 
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Scanning electron microscopy (SEM). 

SEM micrographs were obtained on a Hitachi S-4700 cold FEG-SEM with a 3 kV 

accelerating voltage and an upper secondary electron detector. Prior to imaging, monoliths 

were cryofractured and coated with ca. 3 nm Pt using either a VCR Group IBS TM200S 

Ion Beam Sputterer or a Balzers Union Med 010 Sputterer.  

Nitrogen Sorption. 

Nitrogen sorption isotherms were obtained at the temperature of liquid nitrogen (77 

K) on an Autosorb iQ2-MP gas sorption analyzer from Quantachrome Instruments 

(Boynton Beach, FL). Prior to measurement, samples were degassed for 20 h at room 

temperature using a turbomolecular pump. BET specific surface areas were calculated from 

the adsorption branch over the range P/P0 = 0.05 – 0.35.53 Mesopore size distributions were 

estimated using a quenched solid density functional theory (QSDFT) kernel for nitrogen 

on carbon with a cylindrical pore model applied to the adsorption branch.143 Pore volumes 

were calculated at the point P/P0 = 0.95. 

Small-angle X-ray Scattering (SAXS). 

SAXS measurements were performed at the Advanced Photon Source at Argonne 

National Laboratories (Lemont, IL) using the 5-ID-D beamline maintained by the DuPont-

Northwestern-Dow Collaborative Access Team. Scattering profiles were collected using 

X-rays of wavelength 0.73 Å and a sample-to-detector distance of 850 cm on a Mar CCD 

detector at room temperature. 2D patterns were azimuthally integrated to afford 1D 

scattering profiles of intensity as a function of wavevector, q, where q = (4π/λ)sin(θ/2); θ 

is the scattering angle and λ is the X-ray wavelength. 
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Potential Measurements. 

Potentials were measured with an EMF 16 channel potentiometer (Lawson Labs, 

Malvern, PA) controlled with EMF Suite 1.02 software. All measurements were acquired 

in stirred solutions prepared from deionized purified water (18.2 MΩ cm specific 

resistance, EMD Millipore, Philadelphia, PA) at room temperature (23 ± 2 °C). The 

electromotive force (EMF) was measured relative to a conventional Mettler Toledo DX200 

free-flowing double-junction AgCl/Ag reference electrode (with a 3.0 M KCl bridge 

electrolyte and AgCl saturated 3.0 M KCl inner reference electrolyte).5 For pH 

measurements, pH was measured with a half-cell electrode from Mettler Toledo. 

Measurements with solutions of KCl, CaCl2, Na2SO4, and tetrabutylammonium chloride 

were carried out by successive dilution and addition from concentrated solutions. 

Measurements of pH were carried out by additions of KOH or HCl to deionized purified 

water or 10 mM KCl. Three identically prepared reference electrodes were used for each 

measurement. Activity coefficients were calculated using the extended Debye-Hückel 

equation.87 Activity coefficients and mobilities were used to correct all EMF values for 

liquid junction potentials using the Henderson equation.77 

Impedance Measurement. 

Impedance was measured with a Solartron 1255B frequency response analyzer with 

an SI 1287 electrochemical interface (Farnborough, Hampshire, U.K.) controlled by ZPlot 

software (Scribner Associates, Southern Pines, NC). Measurements were performed in the 

frequency range from 1 MHz to 0.1 Hz at frequencies separated by 0.1 units on the 

logarithmic scale. Measurements were performed at the open circuit potential with an AC 

amplitude of 10 mV in 3 M KCl solutions. Data was collected with a three-electrode cell 
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with a Pt gauze (5.1 by 1.3 cm) counter and a AgCl-coated 0.5 mm Ag wire (Ag wire, 

99.9%, Alfa Aesar, Ward Hill, MA) reference electrode. Data fits were performed using 

Mathematica 10.1 (Champaign, IL). 

Flow Rates. 

Flow rates were measured by filling the 5 cm glass tube attached to the frits with 3 

M KCl solution, generating a pressure of 5 x 10-3 bar. The reference electrodes were then 

stored in a sealed container for 30 days, which was followed by measurements of the filling 

height at that time and, therefrom, calculation of the flow rate. 
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Figure S1. SEC traces (RI signal) in CHCl3 of the PLA-CTA and PLA-b-PI-CTA macro-

CTAs. Mn
NMR values are indicated next to each trace; ĐPLA-CTA = 1.1; ĐPLA-b-PI-CTA = 1.2, 

1.8, and 1.8 for LI 27-1.4, 27-7, and 27-15, respectively. The high molar mass shoulder is 

attributed to light cross-linking and the low molar mass peak is attributed to PI 

homopolymer formation. 
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Figure S2. Representative 1H NMR spectrum with a magnified region (inset) of the PLA-

b-PI-CTA macroinitiator in CDCl3. Mn,PLA = 27 kg mol-1, Mn,PI = 7 kg mol-1. 
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Figure S3. DSC thermograms of the PLA-b-PI-CTA macro-CTA precursors on the 

second heating cycle. The Tg
’s at ‒62 and 49 °C correspond to the PI and PLA blocks, 

respectively, and the exotherm is attributed to the cross-linking of the PI. No Tg is 

observed for the lowest molar mass PI (1.4 kg mol-1). 

 

 
Figure S4. DSC thermograms of PLA-b-PI-b-P(S-co-DVB) nanostructured monoliths on 

the second heating cycle. A glass transition of the PLA block is observed, and the 

exotherm is attributed to the cross-linking of PI. 
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Figure S5. SEC traces (RI detector) in CHCl3 of PS-b-PI-b-PLA-OH before and after 

heating in styrene monomer at 120 °C. The peak associated with the triblock polymer 

does not change upon heating; the additional peak that develops is attributed to PS 

homopolymer due to autopolymerization of styrene. 
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Figure S6. SEM micrographs of PI-b-P(S-co-DVB) mesoporous monoliths derived from 

LI 27-7 (top) and LI 27-15 (bottom) after coating with ca. 3 nm Pt. 
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Figure S7. Nitrogen sorption isotherms of mesoporous PI-b-P(S-co-DVB) monoliths. 

Filled circles indicate adsorption, empty circles indicate desorption. 
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Figure S8. Expanded FTIR spectra of the PLA-b-PI-b-P(S-co-DVB) block polymer 

precursor, the PI-b-P(S-co-DVB) mesoporous polymer monolith, the mesoporous 

polymer monolith after epoxidation of PI, and the mesoporous polymer monolith after 

ring-opening of the epoxide to the corresponding polyol. Spectra have been shifted 

vertically for clarity. 

 

Figure S9. Schematic of the experimental setup used to measure the EMF response of 

PLA-b-PI-CTA frits. The left electrode contains the PI-b-P(S-co-DVB) porous frit and 

the right electrode is a free-flowing double-junction reference electrode. The EMF was 

measured as the electrical potential difference between the two electrodes. 
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Figure S10. EMF of reference electrodes with PLA-b-PI-CTA frits of composition LI 

27-1.6, 27-7, and 27-13 as a function of K+/Cl– activity of a KCl solution. EMF values 

were measured against a free-flowing double-junction reference electrode. All EMF 

values are corrected for liquid junction potentials at the free-flowing double-junction 

reference electrode. Black symbols represent the average EMF of three electrodes 

measured during the dilution of KCl solutions, and red, blue, and green symbols represent 

the average EMF of three electrodes measured during the addition of concentrated KCl 

after the dilution experiment. Error bars are 95% confidence intervals for the average of 

three electrodes. 
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Figure S11. EMF of reference electrodes with PLA-b-PI-CTA frits of composition LI 

27-1.6, 27-7, and 27-13 as a function of Na+ activity of a Na2SO4 solution. EMF values 

were measured against a free-flowing double-junction reference electrode. All EMF 

values are corrected for liquid junction potentials at the free-flowing double-junction 

reference electrode. Black symbols represent the average EMF of three electrodes 

measured during the dilution of Na2SO4 solutions, and red, blue, and green symbols 

represent the average EMF of three electrodes measured during the addition of 

concentrated Na2SO4 after the dilution experiment. Error bars are 95% confidence 

intervals for the average of three electrodes. 
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Figure S12. EMF of reference electrodes with PLA-b-PI-CTA frits of composition LI 

27-1.6, 27-7, and 27-13 as a function of Ca2+ activity of a CaCl2 solution. EMF values 

were measured against a free-flowing double-junction reference electrode. All EMF 

values are corrected for liquid junction potentials at the free-flowing double-junction 

reference electrode. Black symbols represent the average EMF of three electrodes 

measured during the dilution of CaCl2 solutions, and red, blue, and green symbols 

represent the average EMF of three electrodes measured during the addition of 

concentrated CaCl2 after the dilution experiment. Error bars are 95% confidence intervals 

for the average of three electrodes. 
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Figure S13. EMF of reference electrodes with PLA-b-PI-CTA frits of composition LI 

27-1.6, 27-7, and 27-13 as a function of TBA+ activity of a TBACl solution. EMF values 

were measured against a free-flowing double-junction reference electrode. All EMF 

values are corrected for liquid junction potentials at the free-flowing double-junction 

reference electrode. Black symbols represent the average EMF of three electrodes 

measured during the dilution of TBACl solutions, and red, blue, and green symbols 

represent the average EMF of three electrodes measured during the addition of 

concentrated TBACl after the dilution experiment. Error bars are 95% confidence 

intervals for the average of three electrodes 
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Figure S14. EMF of reference electrodes with PLA-b-PI-CTA frits of composition LI 

27-1.6 as a function of K+/Cl– activity of a KCl solution. EMF values were measured 

against a free-flowing double-junction reference electrode. All EMF values are corrected 

for liquid junction potentials at the free-flowing double-junction reference electrode. 

Black symbols represent the average EMF of three electrodes measured after synthesis 

and red symbols represent the average EMF of the same electrodes after being stored in 3 

M KCl for one year. Error bars are 95% confidence intervals for the average of three 

electrodes. 
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Figure S15. EMF of reference electrodes with PLA-b-PI-CTA frits of composition LI 

27-1.6, 27-7, and 27-13 as a function of pH. EMF values were measured against a free-

flowing double-junction reference electrode. All EMF values are corrected for liquid 

junction potentials at the free-flowing double-junction reference electrode. For data at pH 

< 7, black symbols represent the average EMF of three electrodes measured during the 

addition of HCl, and red, blue, and green symbols represent average EMF of three 

electrodes measured during the addition of concentrated KOH after the pH ≈ 2. For data 

at pH > 7, black symbols represent the average EMF of three electrodes measured during 

the addition of KOH, and red, blue, and green symbols represent the average EMF of 

three electrodes measured during the addition of concentrated HCl after reaching pH ≈ 

12. Error bars are 95% confidence intervals for the average of three electrodes. 
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Measurement of EMF in Ionic Strength Buffered pH Solutions 

Importantly, the colored symbols in Figure S14 are for a solution that has already 

had 10 mM HCl neutralized with KOH, KOH added to 10 mM, 10 KOH neutralized with 

HCl, and HCl added to pH 2. These additions contribute an additional 40 mM KCl to the 

concentration of 10 mM KCl already within the solutions, which is enough the cause the 

deviations at low pH due to the change in K+/Cl- activity (see Figure S9).  
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Figure S16. EMF of reference electrodes with PLA-b-PI-CTA frits of composition LI 

27-1.6, 27-7, and 27-13 as a function of pH in a 10 mM KCl solution. EMF values were 

measured against a free-flowing double junction reference electrode. All EMF values are 

corrected for liquid junction potentials at the free-flowing reference electrode. Black 

symbols represent the average EMF of three electrodes measured during the addition of 

KOH to a 10 mM HCl solution and red, blue, and green symbols represent average EMF 

of three electrodes measured during the addition of HCl to the initial solution when it 

reached pH ≈ 12. Error bars are the 95 % confidence interval for the average of three 

electrodes. 
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CHAPTER 6. Easy-to-Make Capillary-Based Reference Electrode with 

Controlled, Pressure-Driven Flow 

Adapted from: 

Easy-to-Make Capillary-Based Reference Electrode with Controlled, Pressure-Driven 

Flow, Anderson, E. L.; Troudt, B. K.; Buhlmann, P. (In Preparation) 

Contribution: 

Blair Troudt measured the potentials of capillary-based reference electrode in KCl 

solutions. This author completed all other experiments. 
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SYNOPSIS 

 As solid-contact potentiometric sensors based on novel materials have reached 

exceptional stabilities with drifts in the low µV/h range and long-term and calibration-free 

potentiometric measurements gain more and more attention, reference electrode designs 

that used to be satisfactory for most users do not satisfy the needs of new challenging 

applications. It is important that the interface between a reference electrode and the sample, 

often provided by a salt bridge, remains constant in ion composition over time. Excessive 

restriction of the flow of bridge electrolyte, e.g., by use of a nanoporous frits or gelled 

reference electrolyte solutions, can result in contamination of the salt bridge with sample 

components and depletion of the reference electrolyte by diffusion into samples. This can 

be avoided by use of salt bridges that flow freely into the sample. However, commonly 

used reference electrodes with free-flowing junctions often suffer either from experimental 

difficulties in assuring a minimum flow rate or from excessive flow rates that require 

frequent replenishing of bridge electrolyte. To this end, we developed a reference electrode 

which contains a concentrated electrolyte that contacts samples through a 10.2 μm 

capillary. By applying a minimal pressure of 10.0 kPa, a flow rate of 100 nL/h is achieved. 

This maintains a constant liquid junction potential at the interface with the sample and 

avoids contamination of the reference electrode, as evidenced by a potential stability of 0.7 

± 4.8 μV/h. In addition, with such a minimal flow rate, there is no need to refill the 

reference electrode electrolyte for years. 

INTRODUCTION 

Reference electrodes are designed and fabricated to provide reproducible and stable 

potentials in a wide variety of sample solutions.2 Free-flowing reference electrodes achieve 
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this by interfacing concentrated reference electrolyte solutions with sample solutions, 

providing both physical and electrical contact.2, 5 A liquid junction potential forms where 

the salt bridge and sample meet. By choosing electrolyte solutions with cations and anions 

that have matched mobilities (e.g., K+ and Cl-),1 changes in liquid junction potentials with 

sample composition can be minimized.1, 3-4, 78, 121 In addition, the bridge electrolyte in these 

free-flowing electrodes continuously flows into samples, which ensures that concentrations 

in the salt bridge do not change due to ion diffusion ions into or out of the salt bridge. The 

constant ionic composition of the interface ensures stable liquid-junction potentials and, 

thereby, stable reference potentials.5 However, while reference electrodes with a free-

flowing salt bridge provide the most reliable reference potentials, significant volumetric 

flow rates necessitate frequent replenishing of the bridge electrolyte solution. Moreover, 

the flow rate out of many of these electrodes changes throughout experiments as the height 

of electrolyte solutions and, therefore, pressure changes, which may impact long term 

measurements. 

To reduce such complications, porous frits, gels, or other restrictions can be used 

to inhibit the convective flow of reference electrolyte into samples.2, 79, 147-148 Indeed, for 

reference electrodes that comprise a nanoporous glass frit (4–100 nm pores), convective 

ion transport is slower than diffusion, resulting in depletion of electrolyte within the frit 

and sample components entering the salt bridge.6, 22, 122 Such low flow rates and the ensuing 

contamination limit the use of such electrodes for long term measurements. Evidently, the 

same problem also exists in the limiting case when the electrode design does not permit for 

solution flow at all, as it is the case for gel-filled systems.79 To the contrary, increases in 

pore size to 500 nm and larger result in large flow rates that require frequent replenishment 
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of the bridge electrolyte and result in significant contamination of the samples with bridge 

electrolyte.6  

Nanoporous glass frits used to limit convective flow also have another 

disadvantage. Due to negative charges on the surface of glass, they bias the reference 

potential by charge screening. when the Debye length in intermediate or low ionic strength 

samples approaches or exceeds the diameter of the pores of the frit.6, 22 It appears that this 

problem is avoided in the reference electrodes developed by Gao and co-workers, who used 

arrays of channels through a glass plate to interface samples with a salt bridge.81 Exact 

channel diameters were not reported but the comment that they were smaller than 500 nm 

suggests that they were probably large enough to avoid charge screening. The reported net 

standard deviation over 6 months of ±0.30 mV looks very promising, but unfortunately 

linear flow rates of solution within the channels and long term EMF drift values were not 

reported. Pressure was provided with a pressurized gas (345 kPa) to give a volumetric flow 

rate of 360 nL/h. In other work, pressure to drive the flow of bridge electrolyte into samples 

was obtained by taking advantage of the vapor pressure of organic solvents or using 

weighted pistons.80-86 

Here we report on an easy-to-make reference electrode which contains only a single 

10.2 μm diameter capillary as the connection between a KCl reference electrolyte solution 

and the sample. By controlling the pressure of the reference electrolyte solution to 10.0 

kPa, a linear flow rate of 1.2 m/h is achieved that avoids diffusion of sample components 

into the salt bridge. The liquid junction potential at the interface of the electrolyte-filled 

capillary with samples can be predicted with the Henderson equation77 and is not affected 

by charge screening at the capillary walls. By minimizing the contact area of the salt bridge 
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with samples through use of a capillary, a minimal flow rate can be achieved that makes 

these electrodes well-suited for long-term measurements where constant flow rates and 

minimal drift are essential. 

EXPERIMENTAL 

Materials. 

Solutions were prepared using deionized and charcoal-treated water (>18.2 MΩ cm 

specific resistance) obtained with a Milli-Q PLUS reagent grade water system (Millipore, 

Bedford, MA). AgCl, KCl, FeCl3, methylene blue, and 1.0 M HCl were purchased from 

Sigma-Aldrich, Ag wires (0.5 mm diameter, ≥ 99.9% purity) from Alfa Aesar, tee 

connectors with barbed fittings for 12.7 mm inner diameter (I.D.) tubing (part number 

50775K395), backflow-prevention (one-way) valves with barbed fittings for 4.76 mm I.D. 

tubing (part number 7757K42), tubing supports (6.25 mm O.D.; 4.76 mm I.D.; part number 

50775K403), and Tygon tubing (12.7 mm O.D.; 6.35 mm I.D.) from McMaster-Carr, 10.2 

μm I.D. fused silica capillary coated with polyimide (part number 1068150005) from 

Molex (Lisle, Illinois), and two-part epoxy glue (extra working time) from Loctite 

(Westlake, Ohio). All chemicals were used as received. 

Reference Electrode Fabrication. 

A 10 cm section of capillary was inserted into a 3 cm section of Tygon tubing with 

an inserted nylon tubing support (Figure S1). The space between the tubing and capillary 

and between the tube support and capillary was filled with well-mixed two-part epoxy glue, 

which was then allowed to cure for at least 24 h. In a similar manner, 5 cm AgCl-coated 

Ag wire (preparation reported previously122) was inserted into a 3 cm section of Tygon 

tubing with an inserted tube support. The space between the tubing and wire and between 
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the tube support and wire was filled with well-mixed two-part epoxy glue, which was then 

allowed to cure for at least 24 h (Figure S1). The capillary contained within the Tygon 

tubing was trimmed to a total length of 5 cm, mounted into a screw cap and attached to a 

tee connector (see Figures 1 and S2). Likewise, a 10 cm section of Tygon tubing was 

attached to the same tee connector using a screw cap (Figure 1). The electrode body was 

then filled completely with either AgCl-saturated 3.0 M KCl solution (prior to 

electrochemical measurements) or 50.8 mM methylene blue solution (prior to flow rate 

experiments) so that a small amount of solution overflow entered the open-ended tubing 

protruding from the third opening of the tee connector (~ 5 mL solution was required in 

either case). Using a 3-way connector and more Tygon tubing, the open-ended tubing of 

the tee connector was connected to both a backflow-prevention valve with barbed fittings 

to allow for pressurization using N2 and a pressure gauge (Figure S3). 

 

Figure 1. Image of a fully assembled capillary-reference electrode. See Figure S3 of the 

Supporting Information for photographs of the assembled capillary-based reference 

electrode. 
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Reference Electrode Flow Rates. 

 The reference electrode flow rate was measured using electrodes filled with 50.8 

mM methylene blue and pressurized to 10.0 kPa with N2. The capillary of the reference 

electrodes was placed into a 20 mL vial filled with a known mass of H2O. The vial was 

sealed using parafilm to prevent evaporation (with a 0.5 mm hole to prevent 

pressurization). Reference electrodes were removed after the initially colorless H2O was 

visually colored blue after 2 – 3 days. An example of a solution after this time is shown in 

Figure S4. The absorbance of the resulting solutions was measured using UV–vis 

spectroscopy at 664 nm. A calibration curve was measured using 10.1, 5.07, 1.52, and 

0.812 μM methylene blue solutions. Each measurement was performed using a 1 cm 

pathlength quartz cuvette. A representative calibration curve is shown in Figure S4. 

Potential Measurements. 

All potentials (E) were measured with an EMF 16 potentiometer (Lawson Labs, 

Malvern, PA) controlled with EMF Suite 1.02 software.  

Reproducibility of Reference Potential Measurements 

The potentials of capillary based reference electrodes were measured relative to 

both a free-flowing double-junction reference electrode with a 3.0 M KCl bridge electrolyte 

and AgCl-saturated 3.5 M KCl reference electrolyte (DX200, Mettler Toledo, 

Switzerland)5 and a AgCl-coated Ag wire. Initially, each electrode was placed into 200 mL 

of deionized and charcoal-treated water before KCl was added by additions from 0.010 and 

1.0 M KCl solutions. Activity coefficients were calculated using a two-parameter Debye–

Hückel approximation,87 and potential measurements of the AgCl-coated Ag wire was 

corrected for liquid junction potentials using the Henderson equation77 for the interface of 
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the capillary based (3.0 M KCl) or free-flowing (3.0 M KCl) reference electrode with the 

KCl-containing sample. 

Reference Potential Stability Measurements 

Potentials of three capillary-based reference electrodes were measured in stirred 

AgCl-saturated 100 mM KCl at 29 °C (controlled by a recirculating water bath) after being 

in contact with the solution for 24 h for temperature equilibration. The jacketed sample 

beaker was sealed on the top using parafilm to prevent evaporation of the solution. 

Potentials of each electrode were measured relative to a AgCl coated Ag wire for five days 

in a dark Faraday cage. The applied pressure decreased approximately 125 Pa each day and 

N2 was added daily to maintain a constant 10.0 kPa. In addition, using an identical setup to 

that above, the reference potentials of the capillary-based reference electrodes were 

monitored as the applied pressure was varied from 1.2 to 12.4 kPa. 

Resistance Measurements. 

 The resistance was of the capillary-based reference electrode was measured using 

the known shunt method.94 The potentials, E1, of three reference electrodes were first 

measured in stirred 100 mM KCl at room temperature versus a AgCl coated Ag wire. The 

potentials, E2, of each electrode were measured a second time after the electrodes were 

individually shorted to the AgCl-coated Ag wire through a 10 MΩ resistor. Resistances 

were calculated as 10 MΩ(E1–E2)/E2. 
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RESULTS AND DISCUSSION 

Reference Electrode Flow Rate and Electrical Resistance. 

 In order for a capillary-based reference electrode to be useful for electrochemical 

measurements, its flow rate must be small enough so that sample solutions are not 

significantly contaminated with bridge electrolyte. Moreover, the flow rate must be large 

enough so that components of the sample solution cannot diffuse into the reference 

electrode, which may cause long term complications. To this end, it is important that the 

volume of solution that flows through a capillary over time (V/t) can be described with the 

following equation:149 

V/t = p π r4 / 8 η L (1) 

where V is volume, t is time, p is pressure, r is radius, η is viscosity, and L is the length of 

the capillary. Substituting the parameters of the reference electrode capillaries, viscosity of 

3M KCl150, and pressure used in this work (η = 1.01210–3Pa s, p = 10,000 Pa, L = 0.05 

m, and r = 5.1  10-6 m) gives V/t = 5.25 10-14 m3/s or 189 nL/h. Experimentally determined 

flow rates with the 50.8 mM methylene blue solutions were lower than that calculated 

theoretically at 100 ± 10 nL/h (n = 3). This flow rate is over three orders of magnitude 

lower than the flow rate through porous polyethylene frits with pore diameters of ≈ 10 μm 

(flow rate = 318 ± 279 μL/h) and less than two orders of magnitude larger than that of a 

reference electrode with a porous Vycor frit (flow rate = the 0.004 ± 0.002 μL/h).6 With 

this flow rate the reference electrode would not need to be refilled for years as it contains 

~ 5 mL of electrolyte solution.  

More importantly, the experimental flow rate can be converted to a linear flow rate 

at which the electrolyte solution passes through the end of the capillary (1  10-10 m3/h 
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divided by 3.14  (5.1  10-6 m)2), resulting in 1.2 m/h. This rate of flow is sufficient to 

prevent the diffusion of electrically neutral compounds and ions into the reference 

electrode (K+ and Cl- diffuse approximately 3 mm over one hour), unlike is the case for 

reference electrodes utilizing nanoporous frits.122 The reduction in contact area by use of a 

capillary results in a resistance of 32 ± 3 MΩ, which is slightly smaller in magnitude than 

the resistance of a typical pH glass electrode and is, therefore, fully compatible with the 

input impedance of modern potentiostats.151 

Reference Electrode Potential Reproducibility and Stability. 

 Capillary-based reference electrode potentials were monitored in solutions 

containing KCl at various concentrations relative to a AgCl-coated Ag wire as well as 

relative to a free-flowing double junction reference electrode. It was expected that that the 

potential of the AgCl-coated Ag wire would vary according to the Nernst equation77 for 

Cl– activity, and the potentials of both the capillary-based and the free-flowing double 

junction reference electrode would vary only with the concentration of KCl in the sample 

solution as predicted by theory for liquid junction potentials.1 Figure 2 shows the potential 

of a AgCl-coated Ag wire as Cl– sensor in a sample solution of varying Cl activity (logaCl 

= –6.7 to –1.7), measured once relative to a capillary-based and once relative to a free-

flowing double junction reference electrode (experiments repeated three times with newly 

prepared capillary-based reference electrodes each time). After liquid junction correction, 

the average slope of the linear region (logaCl = -3.7 to -1.7) of the Cl– response was identical 

for the capillary-based and free-flowing reference electrode, -56.3 ± 0.2 mV/decade.  
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Figure 2. Average potentials of a AgCl-coated Ag wire measured relative to a capillary-

based and free-flowing reference electrode as a function of the Cl– activity of a KCl 

solution (experiment repeated three times). E values are corrected for liquid junction 

potentials.18 Error bars are the standard deviation for the average of three separate 

measurements. 

In addition, the potential of the capillary-based reference electrode was measured 

relative to the free-flowing double junction reference electrode. After liquid junction 

corrections for both the capillary based and free-flowing double junction reference 

electrode, the average potentials for three separate experiments (with three newly prepared 

capillary-based reference electrodes and a single free-flowing reference electrode) did not 

vary statistically from 0 mV over the range studied (logaCl = –6.7 to –1.7) which indicates 

that the capillary based reference electrode performs in an identical manner to the free-

flowing reference electrode with a sleeve junction (Figure S6). Note that the potentials in 



149 
 

Figure S6 were adjusted to account for the difference in inner filling solutions of the free-

flowing reference electrode (3.5M KCl) and capillary-based reference electrode (3M KCl). 

 Potentials of the capillary-based reference electrodes were also monitored for five 

days to determine the stability of the reference potential (see Figure 3 with data for 3 

electrodes). Note that in this case potentials were measured relative to a AgCl-coated Ag 

wire to avoid artifacts from potential liquid junction fluctuations at the salt bridge interface 

of free-flowing sleeve-junction electrodes, which in our experience can be significant over 

periods of days when bridge electrolyte is not replenished very regularly to avoid 

substantial changes in the filling height of the salt bridge electrolyte.  

The thus determined drift of the capillary-based reference electrodes was 0.7 ± 4.8 

μV/h (n=3), with a standard deviation of the measured potential of 0.93 mV (n=3). This 

drift is comparable to the lowest drifts reported for solid-contact reference electrodes (1.7 

μV/h).152 Moreover, the strong correlation of the measured potentials of the three capillary-

based reference electrodes over 5 days (Figure 3) suggests that much of the observed 

standard deviation of the potential of 0.93 mV, as small as it may be, was due to the AgCl-

coated Ag wire. 

Potentials were also measured as a function of the pressure applied (1.2 to 12.4 kPa) 

to the reference electrode. Data for four capillary-based reference electrodes do not indicate 

a dependence of the reference potential on the applied pressure (Figure S7). 
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Figure 3. Individual potentials of three capillary based reference electrodes measured 

relative to a AgClcoated Ag wire in a AgCl-saturated 100 mM KCl solution at 29 °C. 

CONCLUSIONS 

 The development of a capillary-based reference electrode with reference electrolyte 

flow controlled by externally applied pressure has been described. This capillary-based 

reference electrode provides (i) a volumetric flow rate of 100 ± 10 nL/h, (ii) potential 

stability of 0.7 ± 4.8 μV/h, (iii) electrical resistance of 32 ± 3 MΩ, and (iv) reference 

potentials that vary according to the theoretically predicted liquid junction potential, 

without any interference from charge screening. By controlling the flow of reference 

electrolyte through the capillary using externally applied pressure, flow and not diffusion 

dominate the transport of ions through the capillary. This ensures that the interface of the 

electrolyte-filled capillary with sample solutions remains constant and clean over time, 

which is essential for a stable and reproducible liquid junction potential. Unlike free-

flowing reference electrode that rely on the height of inner filling solutions to define the 
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flow rate of electrolyte, there are only minimal changes in flow rate over time. In addition, 

by decreasing the contact area of the salt bridge with the sample by use of a capillary as 

opposed to a a porous frit or sleeve-junction, the volumetric flow rate is greatly reduced 

while still keeping the linear flow rate high. Each of these results makes these capillary-

based reference electrodes well suited for electrochemical measurements in solutions of 

various ionic strength over short or long periods of time. 
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SUPPORTING INFORMATION 

 

Figure S1. Image of a tubing support, Tygon tubing, epoxy-sealed capillary, and epoxy-

sealed AgCl-coated Ag wire. 
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Figure S2. Images of reference-electrode tee connector and an epoxy-sealed capillary 

and AgCl-coated Ag wire, each inserted into a screw cap. 
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Figure S3. Fully assembled capillary-based reference electrode, which includes Tygon 

tubing, one-way valve, and pressure gauge used to apply and monitor applied pressure. 
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Figure S4. A representative calibration curve of methylene blue. The absorbance was 

measured at 664 nm using 10.1, 5.07, 1.52, and 0.812 μM methylene blue solutions and a 

1 cm pathlength quartz cuvette. 

 

Figure S5. Coloration of an initially colorless sample solution after flow of methylene 

blue (50.8 mM) through the capillary of a capillary-based reference electrode into the 

sample. Picture taken after 2 days of flow. 
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Figure S6. Average potentials, E, of capillary-based reference electrodes measured 

relative to a free-flowing double-junction reference electrode with a 3.0 M KCl bridge 

electrolyte as a function of the Cl– activity of KCl in the sample. E values of the 

capillary-based and free-flowing reference electrodes are not corrected for liquid junction 

potentials. Error bars are the standard deviation for the average of three separate 

measurements with three newly prepared capillary-based reference electrodes. 
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Figure S7. Potentials, E, of four capillary-based reference electrodes, measured relative 

to a AgCl-coated Ag wire and as a function of the applied pressure. 
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SYNOPSIS 

Interfaces of ionic liquids and aqueous solutions exhibit stable electrical potentials 

over a wide range of aqueous electrolyte concentrations. This makes ionic liquids suitable 

as bridge materials that separate in electroanalytical measurements the reference electrode 

from samples with low and/or unknown ionic strengths. However, methods for the 

preparation of ionic liquid-based reference electrodes have not been explored widely. We 

have designed a convenient and reliable synthesis of ionic liquid-based reference electrodes 

by polymerization-induced microphase separation. This technique allows for a facile, 

single-pot synthesis of ready-to-use reference electrodes that incorporate ion conducting 

nanochannels filled with the either 1-octyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide or 1-dodecyl-3-methylimidazolium bis(trifluoromethyl 

sulfonyl)imide ionic liquids, supported by a mechanically robust crosslinked polystyrene 

phase. This synthesis procedure allows for the straightforward design of various reference 

electrode geometries. These reference electrodes exhibit a low resistance as well as good 

reference potential stability and reproducibility when immersed into aqueous solutions 

varying from deionized, purified water to 100 mM KCl, while requiring no correction for 

liquid junction potentials. 

INTRODUCTION 

Ionic liquids (ILs) have attracted much attention owing to their unique combination 

of high ionic conductivity, non-volatility, chemical and thermal stability, and wide 

electrochemical windows.50, 153 This combination of properties has led to the use of ILs for 

numerous electrochemical applications.132, 154-158 Of particular interest is the use of 

hydrophobic ionic liquids to interface aqueous samples with reference electrodes.2 So-
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called IL salt bridges have been studied using both neat ILs10-11, 70, 159 and ILs dissolved in 

polymer supports.9, 69, 71, 127 IL salt bridges are characterized by stable and sample-

independent electrical potentials at their interface to aqueous samples when immersed into 

solutions of ions that are more hydrophilic than either the IL cation or anion. 

The stable potentials that develop at the interfaces of ILs and aqueous solutions are 

established by local partitioning of IL cations and anions across the interface of the sample 

and the IL phase. This equilibrium has been described in the literature quantitatively, and 

a thorough description of the topic is available.11 Due to the formation of stable interfacial 

potentials in solutions of varying ionic strength and electrolyte composition, IL-based 

reference electrodes provide many experimental benefits as compared to commercial 

KCl/porous-frit-based electrodes.2 For example, IL-based reference electrodes have been 

shown to have stable potentials even in weakly buffered and low ionic strength solutions,108 

whereas porous-frit-based reference electrodes may have reference potentials that vary 

with the ionic strength of sample solutions and the pore size of the frit material.6, 22 There 

are significant changes in reference potentials for reference electrodes with conventional 

porous glass frits at low ionic strengths, where the Debye length approaches the porous 

material pore size, causing electrostatic screening of the electrolyte ions. Nevertheless, to 

the best of our knowledge, IL-based reference electrodes are not yet commercially 

available, even though their potential stability and reproducibility have been shown to 

outperform commercial frit-based reference electrodes in a number of cases.8-9, 69-71, 110, 127 

We believe that this is due, at least in part, to the cumbersome preparation of previously 

reported IL-based reference electrodes. 
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Recently, a polymerization-induced microphase separation (PIMS) strategy has 

been implemented to synthesize nanostructured polymers,37 and to develop robust solid-

state ion-conducting polymer composites targeted for next-generation lithium-ion batteries 

and fuel cells.160-161 Nanostructured polymer/IL composites, developed by incorporating 

an IL into one domain of a microphase-separated and cross-linked block copolymer, exhibit 

high ionic conductivity and excellent thermal and mechanical robustness. PIMS is a facile, 

one-pot synthetic strategy that transforms a homogeneous liquid precursor consisting of 

monofunctional and bifunctional monomers, IL-miscible polymer macro-chain-transfer 

agent (macro-CTA), and IL into a solid, robust monolith with bicontinuous morphology.162-

163 The solvent-free feature of the PIMS strategy enables access to robust polymer/IL 

monoliths of any desired shape and form. The easy-to-process liquid reaction precursor 

(viscosity ca. 25 cP at room temperature) undergoes polymerization and simultaneous in-

situ cross-linking, thereby solidifying to adopt the shape of the reaction container.  

Here, we use the PIMS design strategy to develop polymer/IL-composite reference 

electrodes by incorporating hydrophobic ILs such as 1-octyl-3-methylimidazolium 

bis(trifluoromethyl sulfonyl)imide, [C8mim][Ntf2], and 1-dodecyl-3-methylimidazolium 

bis(trifluoromethyl sulfonyl)imide, [C12mim][Ntf2], into an IL-miscible poly(methyl 

methacrylate) (PMMA) domain. In this study, [C8mim][Ntf2] and [C12mim][Ntf2] are 

referred to as C8-IL and C12-IL, respectively. The PMMA/IL phase allows for ion transport 

in the nanostructured junction between the sample and the inner reference electrode and 

controls the phase boundary potential at the interface to the sample, whereas styrene and 

divinylbenzene are used as the monofunctional and difunctional monomers to develop the 

IL-immiscible, cross-linked mechanical framework. This facile design strategy, in addition 
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to the combination of excellent electrochemical response and mechanical robustness, 

makes the PIMS polymer/IL composites promising candidates for miniaturized solid-state 

reference electrodes and measurements in solutions of low and moderate ionic strength. 

EXPERIMENTAL 

Materials. 

Styrene (S, 99%), divinylbenzene (DVB, tech. grade 80%), methyl methacrylate 

(MMA, 99%), benzoyl peroxide (BPO), 4,4´-azobis(4-cyanovaleric acid) (ACVA), 4-

cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDTPA), silver chloride 

(AgCl, 98%), and poly(vinylidene fluoride-co-hexafluoropropylene) (P(VdF-co-HFP), 

average molar mass 400 kg/mol) were purchased from Sigma-Aldrich. Other chemicals 

were of reagent grade. The ionic liquids [C8mim][Ntf2], and [C12mim][Ntf2] were 

purchased from Ionic Liquid Technologies (Tuscaloosa, AL). Ag wires (0.5 mm diameter, 

≥ 99.9 %) were purchased from Alfa Aesar. 

PMMA-CTA synthesis. 

PMMA-CTA was synthesized from the commercially available reversible addition-

fragmentation chain-transfer (RAFT) chain transfer agent CDTPA. MMA (30 g, 0.3 mol, 

filtered through activated neutral alumina to remove inhibitor), CDTPA (150 mg, 0.37 

mmol), and ACVA (10.4 mg, 0.04 mmol) were dissolved in 85 g dioxane in a Schlenk 

flask. The reaction mixture was degassed in three freeze-pump-thaw cycles and placed in 

an oil bath at 80 °C. After 12 h, the reaction flask was removed from the heat and the 

reaction stopped by cooling in an ice bath and opening the flask to the atmosphere. The 

polymer was then precipitated twice from hexanes and collected via filtration, yielding the 

PMMA macro-CTA as a yellowish powder. SEC: Mn = 40 kg/mol, Ð = 1.08 (Figure S1). 
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Preparation of AgCl-coated Ag wires. 

Ag wires (0.5 mm diameter) were cleaned with 3 M nitric acid for 30 s and rinsed 

using deionized, purified water. The cleaned Ag wires were placed in a 0.1 M HCl solution 

with a Ag/AgCl porous frit reference electrode and a Pt mesh counter electrode. A current 

of 0.4 mA/cm2 was applied for 45 min. The AgCl-coated wires were cleaned with 

deionized water and allowed to age for at least 24 h in air. AgCl-coated Ag wires were then 

directly used for the preparation of PIMS reference electrodes. 

Preparation of PIMS reference electrodes. 

To develop PIMS reference electrodes, a liquid reaction precursor was prepared 

containing 12.5% w/w PMMA-CTA, a 3:2 molar mixture of styrene to divinylbenzene 

(37.5% w/w), AgCl-saturated IL (50% w/w) and BPO (a radical initiator, 0.05 eq. with 

respect to PMMA-CTA); see Scheme 1. Prior to the mixture preparation, styrene and 

divinylbenzene were filtered through activated alumina, and the ionic liquids were 

saturated with AgCl by stirring an IL + AgCl mixture at 50 °C for 24 h. The reaction 

mixture was warmed to 40 °C and stirred for 30 min to ensure uniform mixing. About 0.75 

mL of the homogeneous reaction mixture was then transferred to a 1.5 mL glass vial, which 

was subsequently crimp-sealed using an aluminum cap prefitted with a rubber septum. A 

AgCl-coated Ag wire was inserted through the rubber septum and suspended in the reaction 

mixture (see Supporting Information, Figure S3a). The glass vial was then immersed in a 

sand bath maintained at 110 °C for 24 h. The resulting solid PIMS reference electrode was 

removed from its mold by breaking the glass vial (Figure S3b). Subsequently, the samples 

were dried at room temperature under reduced pressure for 24 h to remove any minor 
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amounts of unreacted monomer. The reference electrodes were directly used for 

electrochemical measurements. 

To study the mechanical properties of the PIMS/C8-IL material, rectangular tensile 

bars measuring ≈ 50×10×0.4 mm3 were prepared. A thin sheet (thickness ≈ 0.4 mm) of the 

PIMS/C8-IL material was prepared by casting the reaction mixture onto a glass plate. 

Another glass plate covered the bottom glass plate, separated by a thin Teflon sheet mask 

with a square cut-out (Figure S3c). The glass plate/mask sandwich was sealed using 

vacuum grease applied to the Teflon mask, and the assembly placed in an oven at 110 °C 

for 24 h. Subsequently, the sample was carefully removed from the glass plates and dried 

at room temperature under reduced pressure. 

 

Scheme 1. Reaction scheme used to synthesize polymerization-induced microphase 

separation reference electrodes. 
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Preparation of P(VdF-co-HFP)/C8-IL Gel Reference Electrodes. 

For comparison, reference electrodes were also prepared following the procedure 

previously described by Kakiuchi and co-workers.9 P(VdF-co-HFP), AgCl-saturated IL, 

and acetone were mixed 1:1:5 by weight, and a AgCl-coated Ag wire was briefly dipped 

into this polymer/IL solution. The newly coated wire was then air-dried for 15 min before 

re-immersing it into the solution. This procedure was repeated until a layer of ≈ 2 mm thick 

polymer/IL gel was deposited onto the wire, followed by drying of the reference electrode 

under reduced pressure prior to potentiometric measurements. To compensate for poor gel 

coverage at the bottom tip of the wire, commercial silicone sealant was used to insulate the 

tip. 

Small-angle X-ray Scattering (SAXS). 

SAXS experiments were performed on the PIMS/C8-IL samples with beamline 5-

ID-D at the Advanced Photon Source, Argonne National Laboratory, using X-rays with a 

wavelength (λ) of 0.76 Å, yielding scattering wavevectors q in the range of 0.022–1.35 nm–

1 (q = 4π sin(θ/2)/λ, where θ is the scattering angle). One-dimensional intensity, I, versus q 

profiles were obtained by azimuthally integrating isotropic, two-dimensional scattering 

data. 

Transmission Electron Microscopy (TEM). 

The nanostructured morphology of PIMS/C8-IL sample was imaged by TEM. Thin 

sections with a nominal thickness of 70 nm were obtained by cryomicrotoming at –80 °C 

on a Leica UC6 ultramicrotome and transferred onto a 300 mesh copper grid. TEM imaging 

was performed without staining on a FEI Tecnai G2 Spirit Bio-TWIN using an accelerating 

voltage of 120 kV. 
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Mechanical and Thermal Properties. 

PIMS/C8-IL tensile bars were designed measuring ≈ 50×10×0.4 mm3. The 

mechanical strength of the samples was measured by stress-strain tests at a tensile speed of 

1 mm/min using a TA Instruments RSA-G2 Solid Analyzer. Differential scanning 

calorimetry (DSC) measurements were performed on samples prepared with aluminum T-

zero pans and hermetic lids using a TA Instruments Discovery DSC. The samples were 

cooled to –90 °C, equilibrated for 10 min, and then ramped up to 180 °C at the heating rate 

of 10 °C/min. Thermogravimetric analysis (TGA) of the samples was performed using a 

TA Instruments Q500 under a nitrogen atmosphere at a heating rate of 10 °C/min from 

room temperature to 500 °C.  

Potentiometric Measurements. 

Potential measurements were performed using a Lawson Labs EMF 16 channel 

potentiometer (Malvern, PA) controlled by EMF Suite 1.02 software. All measurements 

were performed in stirred solutions at room temperature (23 ± 2 °C). KCl solutions were 

prepared by standard addition to deionized, purified water (18.2 MΩ cm specific resistance, 

EMD Millipore, Philadelphia, PA) from 0.030, 0.30, and 3.0 M KCl stock solutions. 

Samples were not exposed to ILs before electrochemical measurements, and EMF 

measurements were started 5–10 minutes after the electrodes were exposed to aqueous 

solutions. Potentials were measured relative to a conventional Mettler Toledo DX200 free-

flowing double junction reference electrode (with a 1.0 M LiOAc bridge electrolyte and 

AgCl saturated 3.0 M KCl inner reference electrolyte).5 No changes in reference potentials 

were noted when the contact area of the PIMS reference electrodes with aqueous solutions 

was varied. Activity coefficients were calculated using a two-parameter Debye-Hückel 
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approximation,87 and all electromotive force (EMF) values were corrected for liquid 

junction potentials using the Henderson equation.77 

Cl– calibrations were performed using a AgCl-coated Ag wire (prepared as 

described above), inserted into solutions of the appropriate Cl– activity. EMF values were 

measured relative to Mettler Toledo DX200, PIMS/C8-IL, PIMS/C12-IL and P(VdF-co-

HFP)/C8-IL reference electrodes. 

Reference potential stability measurements were performed by placing PIMS/C8-

IL and PIMS/C12-IL reference electrodes into stirred deionized water. Potentials were 

measured for 24 h relative to a conventional Mettler Toledo DX200 free-flowing double 

junction reference electrode (with a 1.0 M LiOAc bridge electrolyte and AgCl saturated 

3.0 M KCl inner reference electrolyte).5 

Conductivity and Impedance Measurements. 

All impedance measurements were performed on a Solartron 1255B frequency 

response analyzer with an SI 1287 electrochemical interface (Farnborough, Hampshire, 

U.K.) controlled by ZPlot software (Scribner Associates, Southern Pines, NC). 

Measurements were performed over the frequency range from 100 kHz to 0.1 Hz at 

frequencies separated by 0.1 units on the logarithmic scale. Measurements were performed 

at the open circuit potential with an AC amplitude of 100 mV. PIMS/C8-IL, PIMS/C12-IL, 

and P(VdF-co-HFP)/C8-IL impedance spectra were measured using a three-electrode cell 

with a AgCl-coated Ag wire reference and Pt gauze (5.08 × 1.27 cm2) counter electrode.151 

All electrodes were immersed in 0.10 M KCl solutions. 

Conductivity measurements were performed on PIMS/C8-IL, PIMS/C12-IL, and 

P(VdF-co-HFP)/C8-IL using a custom made two-electrode cell at 25 °C. Sheets of each 
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material were cut into known areas and thicknesses. Conductivity was calculated as l/(RA), 

where l is the sample thickness, A is the sample area, and R is the bulk resistance. Bulk 

resistances were determined from the frequency independent plateaus of the real 

components of the impedance (see Figure S4). Each measurement was repeated with three 

different values of l/A ranging from 0.06–0.32 cm–1 to determine if interfacial resistance 

significantly contributed to the measured resistance. 

RESULTS AND DISCUSSION 

Characterization of Nanostructured Morphology. 

The macroscopic performance of the PIMS reference electrodes is enabled by the 

distinct nanostructured morphology of the polymer/IL composite. Heating the 

homogeneous PIMS reaction mixture at 110 °C leads to a controlled growth of 

divinylbenzene-crosslinked polystyrene blocks (i.e., P(S-co-DVB)) from the PMMA 

macro-chain-transfer agent by RAFT polymerization (Figure 1a). During this reaction, the 

IL partitions into the IL-miscible phase (PMMA in this case). The simultaneous cross-

linking by DVB kinetically traps the system in a bicontinuous morphology of cross-linked 

polystyrene and sample-spanning conducting nanochannels.164 

We studied the PIMS/C8-IL morphology with SAXS. The typical scattering profile 

(Figure 1b) exhibits a broad principal scattering peak at q* and a secondary shoulder at 

2q*. As shown previously, this scattering profile is typical for a microphase-separated 

morphology lacking long-range order.161-162 The lengthscale of compositional 

heterogeneities is approximately 40 nm. The average domain spacing, d, determined by the 

position of q* (d = 2π/q*) slightly increases with increasing IL content, which is consistent 

with the behavior of the IL as a selective solvent for PMMA.165-166 The PMMA/IL phase 
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occupies about 60% v/v; therefore, the characteristic size of the PMMA/IL nanochannels 

is approximately 24 nm (40 nm × 0.6). 

TEM imaging (Figure 1c) corroborates the SAXS results, indicating the formation 

of a disordered morphology. In the image, the bright regions are cross-linked polystyrene 

domains, whereas the denser PMMA/IL regions appear dark. The TEM images depicting 

inter-penetrating domains of cross-linked polystyrene and PMMA/IL along with the SAXS 

profile are consistent with other reported systems exhibiting a microphase-separated 

bicontinuous network morphology without long-range order.136, 167 
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Figure 1. (a) Polymer chain growth and IL partitioning during PIMS. (i) PMMA-CTA is 

dissolved in a mixture of styrene and the crosslinker DVB (denoted by blue background), 

with IL. Heating the reaction mixture induces the growth of polystyrene chains (ii) and 

simultaneous cross-linking by DVB (iii), (iv) bicontinuous morphology of cross-linked 

polystyrene and sample-spanning conducting nanochannels (PMMA+IL). (b) SAXS for 

PIMS/C8-IL samples prepared with varying IL content. The length scale of compositional 

heterogeneities increases slightly with increasing IL concentration. (c) TEM micrograph 

of PIMS/C8-IL (50 wt% IL content) sample. The cross-linked polystyrene domain 

appears bright, whereas the denser PMMA/IL phase appears dark. 

Electrode Potentials in KCl Electrolyte Solutions. 

Electrode potentials were measured by immersion of the reference electrodes into 

aqueous solutions of varying mean K+/Cl– activity to determine the reproducibility and 

stability of the reference potentials relative to a conventional free-flowing liquid junction 

reference electrode5 (Figure 2). Both the PIMS/C8-IL and PIMS/C12-IL reference 

electrodes had potentials that varied by less than 3 mV over almost five decades of mean 

K+/Cl– solution activity. These variations correspond to errors of less than 5% for 

potentiometric measurements of monovalent ions.12 To compare the performance of the 

PIMS reference electrodes with a control system, we prepared three P(VdF-co-HFP)/C8-
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IL gel reference electrodes, the only other reported example of a free-standing IL-based 

reference electrode. Each of the PIMS reference electrodes performed as well as the P(Vdf-

co-HFP)/C8-IL reference electrodes reported previously (Figure 2).9 These results confirm 

that the PIMS reference electrodes are suitable for electrochemical measurements in 

solutions over a wide range of hydrophilic electrolyte concentrations. This is important 

when measuring in solutions of low electrolyte concentrations, where nanoporous glass frit 

reference electrodes exhibit variations of up to 150 mV.22 In fact, these reference electrodes 

also provided stable reference potential in deionized, purified water, as well as in the KCl 

solutions (Figure 2). This property is especially useful for measurements of environmental 

samples of low ionic strength, as pointed out by Kakiuchi and co-workers.9 

 

Figure 2. EMF of PIMS/C8-IL, PIMS/C12-IL, P(VdF-co-HFP)/C8-IL reference 

electrodes as a function of mean K+/Cl– activity. Left-most points for PIMS/C8-IL and 

PIMS/C12-IL are EMF values in deionized, purified water (18.2 MΩ cm specific 

resistance). EMF values were measured against a conventional reference electrode with a 

free-flowing double junction. All EMF values are corrected for liquid junction potentials 

at the conventional reference electrode. PIMS/C8-IL, PIMS/C12-IL error bars represent 

the standard deviation in the EMF of three reference electrodes samples, respectively. 
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Reproducibility of PIMS Reference Electrode Potentials. 

Potentials from Figure 2 were used to calculate reference potentials for each PIMS 

reference electrode versus the standard hydrogen electrode.168 PIMS/C8-IL and PIMS/C12-

IL have standard potentials versus the standard hydrogen electrode of 0.262 ± 0.002 V and 

0.313 ± 0.002 V, respectively. It is noteworthy that the potentials for P(VdF-co-HFP)/C8-

IL and PIMS/C8-IL reference electrodes differ by only 0.008 V, which is within the 

magnitude of uncertainty of the electrode-to-electrode potential reproducibility.9 This 

result confirms that the AgCl-saturated C8-IL and C8-IL/water interfaces in both studies 

are equivalent, independent of the IL distribution within the bulk composite material. 

The PIMS/C12-IL standard reference potential differs from that of PIMS/C8-IL by 0.051 V. 

However, the difference between the standard ion-transfer potentials of 1-octyl-3-

methylimidazolium and 1-dodecyl-3-methylimidazolium when transferred from the pure 

ionic liquid (paired with [Ntf2]) to water is 0.15 V, which should correspond directly to the 

difference in standard reference potentials of the two reference electrodes.2, 10 This result 

indicates that the potentials between the AgCl-coated Ag wires and the corresponding 

AgCl-saturated ionic liquids differ. This may reflect different solubilities of AgCl in the 

two ionic liquids, and is topic of an ongoing study.  

Comparison of PIMS and Free-flow Reference Electrodes. 

To assess the performance of the PIMS reference electrodes, a potentiometric 

experiment was conducted using AgCl-coated Ag wires to measure the mean Cl– activity 

in aqueous KCl solutions. Figure 3 summarizes the cell potentials measured against 

PIMS/C8-IL, PIMS/C12-IL, and free-flowing double-junction reference electrodes. Each of 

the three reference electrodes provided a Nernstian response to the mean Cl– activity. 
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However, it should be noted that unlike the free-flowing double-junction reference 

electrodes, the PIMS reference electrodes do not require corrections for liquid junction 

potentials. Whereas such corrections are feasible for samples of relatively well-known 

content, they are typically not possible for samples of unknown composition.77 Under such 

circumstances, PIMS reference electrodes appear better suited than free-flow reference 

electrodes. 

 

Figure 3: EMF of a AgCl-coated Ag wire in KCl solutions of varying mean Cl– activity 

measured against PIMS/C8-IL, PIMS/C12-IL, and free-flowing double-junction reference 

electrodes. Potentials measured using the free-flow double-junction reference electrode 

are corrected for liquid junction potentials. The data has been shifted vertically for 

clarity. The data without the vertical shifts is provided in the Supporting Information 

(Figure S6). 

Stability of PIMS Reference Electrode Potentials in Deionized Water. 

One of the particularly promising applications of ionic liquid reference electrodes 

is in the measurement of potentials in solutions of low ionic strength.17 Therefore, we 

determined the reference potential stability of PIMS reference electrodes when exposed for 

a total of 24 h to deionized water that was not previously exposed to ionic liquid. Over the 

initial 1 h, reference potentials of electrodes based on PIMS/C8-IL or PIMS/C12-IL changed 
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by approximately 2 and 6 mV, respectively (Figure 4). Subsequently, potentials began to 

rise slowly, with the PIMS/C8-IL and PIMS/C12-IL reference electrodes exhibiting 

potential drifts of 1.5 mV/h and 0.7 mV/h, respectively, over 24 h. These results indicate 

that the PIMS based reference electrode potentials are stable for routine measurements over 

a period of a few hours. However, more studies will need to be conducted to assess and 

further improve the long-term performance. 

 

Figure 4. EMF of PIMS/C8-IL and PIMS/C12-IL reference electrodes as a function of 

time in deionized water (18.2 MΩ cm specific resistance). EMF values were measured 

against a conventional reference electrode with a free-flowing double junction. Solid 

lines indicate data fitted to a linear equation. 

Ionic Conductivity. 

The long-range continuity of the conducting nanochannels (Figure 1a) enables 

efficient transport of ions, which allows for a high conductivity between the AgCl-coated 

Ag wire and the aqueous sample solution. Such high ionic conductivity is required for the 

design of miniaturized reference electrodes, where the resistance of the polymer/IL 

material may be limiting the total resistance of the reference electrode. To compare the 
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different IL-doped materials with one another, the conductivities of PIMS/C8-IL, 

PIMS/C12-IL, and P(VdF-co-HFP)/ C8-IL composites were determined. All three materials 

have ionic conductivities on the order of tens of μS/cm – PIMS/C8-IL ≈ 66 μS/cm, 

PIMS/C12-IL ≈ 34 μS/cm, and P(VdF-co-HFP)/C8-IL ≈ 15 μS/cm. This shows that the 

conductivities of all three composites fall in a range that allows for the design and 

fabrication of reference electrodes that are more than adequate for measurements with 

commercially available voltmeters with high input impedance. 

To characterize the electrochemical properties of the PIMS reference electrodes 

further, impedance measurements were performed with the fully assembled PIMS 

reference electrodes in 100 mM KCl solutions, using a three-electrode cell (Figure 5). 

Qualitative assessment of these spectra shows bulk resistances that varied from 75–150 

kΩ, a relatively small variability that can be explained by the lack of careful control of the 

reference electrode geometry. As noted previously, this resistance is much lower than the 

input resistance of commercially available voltmeters (~1015 Ω). 

 

Figure 5. Impedance spectra of PIMS/C8-IL, PIMS/C12-IL, and P(VdF-co-HFP)/C8-IL 

reference electrodes. Data were taken from 105 to 1 Hz using a three-electrode cell. The 

reference electrode was a AgCl-coated Ag wire, and the counter electrode was a Pt gauze. 
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Practical Preparation of PIMS Reference Electrodes. 

The PIMS design strategy, which involves solidification of a liquid reaction 

precursor, permits efficient control of not only the nanostructure of the ion-doped block 

copolymer but also the external shape of the reference electrodes. In the course of the 

reaction, the AgCl-coated wire is firmly encapsulated within the solid polymer/IL 

composite.  

In contrast, the preparation of the P(VdF-co-HFP) gel reference electrodes9 was, in 

our hands, not without difficulties. While solution casting of polymer/IL mixtures to 

prepare planar ion gels for gate dielectrics for organic electronics, actuators, and gas 

separation membranes is a well-understood and widely-implemented technique,157, 169 

sequential deposition of polymer/IL composites onto an Ag wire requires repeated dipping 

of the wire into a polymer/IL + acetone mixture and drying of the gel on the wire (ensuring 

no acetone is trapped into the system). To achieve substantially thick reference electrodes, 

the procedure needs to be repeated multiple times. Following this procedure, we obtained 

a tear-drop-shaped polymer/IL gel deposit onto the silver wire, similar to the one reported.9 

However, the bottom tip of the wire had to be insulated with commercial silicone sealant 

to compensate for the poor gel coverage (Figure S7).  

In comparison, designing PIMS reference electrodes involves a solvent-free, one-

step synthetic strategy with excellent control over the shape as well as ensuring that the 

AgCl-coated wire is completely covered by PIMS/IL composite. In addition, PIMS/C8-IL 

composites exhibit excellent mechanical robustness, with an ultimate tensile strength of ≈ 

2.5 MPa (Figure S8) and thermal stability up to 350 °C (Figure S9). This robustness allows 

for free-standing reference electrodes to be designed in almost any geometry to meet the 
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needs of the electrochemical problem (Figure S11). In addition, the thermal stability of the 

PIMS/IL composites would allow for their use with sensing electrodes that are able to 

withstand high temperature uses55 and cleaning-in-place and sterilization treatments.170 

CONCLUSIONS 

The preparation of ready-to-use ionic liquid-based reference electrodes using a 

polymerization-induced microphase separation strategy has been described. The merits of 

the PIMS strategy include that it is  (i) solvent-free, (ii) allows fabrication in a single step, 

(iii) results in self-supporting, mechanically robust reference electrodes, and (iv) offers 

control over the size and shape of the reference electrode.  

Reference electrodes based on both PIMS/C8-IL and PIMS/C12-IL showed stable 

and reproducible potentials that vary by less than 3 mV when exposed to solutions ranging 

from deionized, purified water to 100 mM KCl solutions. These results indicate that these 

electrodes are well suited for electrochemical measurements in solutions containing 

hydrophilic electrolytes and in solutions of low ionic strength. PIMS/C8-IL and PIMS/C12-

IL reference electrodes showed reproducible potentials for replicates of 0.262 ± 0.002 V 

and 0.313 ± 0.002 V versus the standard hydrogen electrode, respectively. This potential 

reproducibility is especially useful when striving for calibration-free electrochemical 

sensors.42 Moreover, ionic-liquid based reference electrodes are not only beneficial for 

their potential reproducibility, but also for their ease of maintenance.65, 70 Ongoing studies 

are being performed to determine the potential stability of PIMS reference electrodes over 

extended periods of time (> 24 h). 
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SUPPORTING INFORMATION 

PMMA-CTA Characterization. 

 

Figure S1. SEC chromatograms of PMMA-CTA (40 kg/mol, Ð = 1.08) and linear 

PMMA-b-PS (Ð = 1.2) diblock polymer. Complete end-functionalization in PMMA-CTA 

was confirmed through the controlled growth of PMMA-b-PS linear diblocks, as 

indicated by the shift to higher molecular weight. 

 

Figure S2. 1H NMR (CDCl3, 500 MHz) spectrum of PMMA-CTA. 
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PIMS Reference Electrode Preparation and Composition. 

 

 

 
Figure S3. (a) Sealed vials used to prepare PIMS reference electrodes. A AgCl-coated 

Ag wire was inserted through the rubber septum and suspended in the reaction mixture. 

(b) Self-supporting PIMS reference electrode obtained by breaking the glass vial. The Ag 

wire is firmly encapsulated within the PIMS polymer/IL composite. (c) Setup used to 

design thin PIMS samples for mechanical testing. Sample thickness was determined by 

the Teflon separator thickness. (d) PIMS/C8-IL sample, thickness = 0.4 mm, was used to 

design rectangular tensile bars for mechanical testing. The RAFT-CTA imparts the 

yellow color to the reaction mixture and the PIMS reference electrodes. 
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Table S1: Composition of PIMS reference electrodes 

 Composition (% 
w/w) Composition (% v/v)* 

 
Mechanically 
robust phase 
(cross-linked PS) 

Ionic liquid 
 
 

Conducting phase 
(PMMA + IL) 

Mechanically 
robust phase 
(cross-linked  
PS) 

Ionic 
liquid 
 
 

Conducting phase 
(PMMA + IL) 

PIMS/C8-IL (40% IL 
content) 45 40 55 50 35 50 

PIMS/C8-IL (50% IL 
content) 37.5 50 62.5 41 46 59 

*Composition was calculated based on the following densities (g/cm3): ρPSDVB = 1.05, ρPMMA = 1.18, ρC8-IL = 1.32. Except for the 

SAXS experiments, the composition of PIMS reference electrodes was 50 wt% IL content.   
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Impedance Spectroscopy. 

 

Figure S4. Representative impedance data for a PIMS/C8-IL polymer composite sample 

collected at 25 °C. Squares (□) are Z′, circles (○) are Z′′. The red line denotes the bulk 

resistance, R, used to calculate the conductivity. Measurements were performed over the 

frequency range from 1 MHz to 1 Hz. 
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Electrode Potentials in KCl Electrolyte Solutions. 

 

Figure S5. EMF of PIMS/C8-IL, PIMS/C12-IL, P(VdF-co-HFP)/C8-IL reference 

electrodes as a function of mean K+/Cl– activity. Left-most points for PIMS/C8-IL and 

PIMS/C12-IL are EMF values in deionized, purified water (18.2 MΩ cm specific 

resistance). EMF values were measured against a conventional reference electrode with a 

free-flowing double junction. All EMF values are corrected for liquid junction potentials 

at the conventional reference electrode. PIMS/C8-IL, PIMS/C12-IL error bars represent 

the standard deviation in the EMF of three reference electrodes samples, respectively. 
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Comparison of PIMS and Free-flow Double Junction Reference Electrodes. 

 

Figure S6. EMF of a AgCl-coated Ag wire in KCl solutions of varying mean Cl– activity 

measured against PIMS/C8-IL, PIMS/C12-IL, and free-flow double-junction reference 

electrodes. Potentials measured using the free-flow double-junction reference electrode 

are corrected for liquid junction potentials. 

P(VdF-co-HFP)/C8-IL Gel Reference Electrodes. 

 

Figure S7. P(VdF-co-HFP)/C8-IL gel reference electrodes were prepared by sequential 

gel deposition onto a Ag wire. The gel deposit was trimmed using a razor blade to 

achieve a uniform thickness. To compensate for the poor gel coverage at the bottom tip of 

the wire, commercial silicone sealant was used to insulate the tip. 



185 
 

Mechanical Properties. 

 

Figure S8. Stress-strain curves for three PIMS/C8-IL (50% w/w IL content) samples. × 

indicate break points. 

Thermal Properties. 

 

Figure S9. Thermogravimetric curve of the PIMS/C8-IL sample (50 wt% IL content) 

under nitrogen (heating rate: 10 °C/min). The sample decomposed at 350 °C. 
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Figure S10. DSC thermograms for PMMA-CTA, PMMA+C8-IL, and PIMS/C8-IL 

composites. The traces represent the second heating cycle (exothermic flow down). The 

IL plasticizes the conducting phase of the PIMS polymer/IL composite. 

Control Over the Geometry of the PIMS Reference Electrodes 

The PIMS design strategy permits control of the shape of reference electrodes. The 

easy-to-process liquid reaction precursor undergoes polymerization and simultaneous in-

situ cross-linking, thereby solidifying to adopt the shape of the reaction container or mold. 

In the current study, glass molds were obtained by use of the bottom section (approximately 

3 cm) of nuclear magnetic resonance (NMR) spectroscopy tubes (5 mm outer diameter). 

The reaction mixture was poured into the glass mold, which was then sealed using a rubber 

septum. 
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Figure S11. (a) PIMS reference electrode samples prepared using glass vials (see 

Figure S3). (b) Samples prepared using NMR tube glass molds. 
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CHAPTER 8: Electrochemical Impedance Spectroscopy of Ion-Selective 

Membranes: Artifacts in Two-, Three-, and Four-Electrode 

Measurements 

Adapted from: 

Electrochemical Impedance Spectroscopy of Ion-Selective Membranes: Artifacts in Two-

, Three-, and Four-Electrode Measurements, Anderson, E. L.; Buhlmann, P., Anal. 

Chem., 2016, 88, 9738-9745 
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SYNOPSIS 

Electrochemical impedance spectroscopy is frequently used to characterize, 

optimize, and monitor ion-selective membranes. However, because of the relatively high 

resistance of ion-selective membranes, their impedance spectra often contain artifacts that 

can cause misinterpretation. While in the high-frequency range artifacts are often readily 

identifiable by the occurrence of inductive features or negative resistances, artifacts are 

easy to overlook in the low-frequency range, where telltale characteristics are typically 

missing. Some artifacts can be avoided by use of two-electrode cells, but this experimental 

design makes it hard to distinguish the impedance of the ion-selective membrane from that 

of the measuring electrodes. This work shows that experimental data can be analyzed 

accurately with the use of models that account for the capacitive leakage present in the 

reference channels of the impedance spectrometer. To test these models, valinomycin-

doped K+-selective membranes were studied by electrochemical impedance spectroscopy 

with two-, three-, and four-electrode cells, using several measuring electrodes with low to 

high impedances. The models were found to correctly predict experimental data and 

provide an intuitive understanding of the cause of the impedance artifacts. This 

understanding can be applied to design electrochemical impedance spectroscopy 

experiments of ion-selective membranes with three- and four-electrode cells that minimize 

artifacts. 

INTRODUCTION 

Electrochemical impedance spectroscopy (EIS) has been used to study ion-

selective electrodes since the 1980s.171-174 The frequency dependence of the impedance of 

ion-selective electrodes (ISEs)13-14, 175-177 makes it possible to determine a number of 
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membrane and interfacial properties, including bulk resistances, double layer capacitances, 

charge transfer resistances, and Warburg impedances. Often, impedance spectroscopy is 

used in combination with other experimental techniques to study complex phenomena, 

such as in the case of solid-contact ion-selective membranes.178-181 Early studies used cells 

with two AgCl-coated Ag plates of large surface areas as electrodes, immersed into two 

electrolyte solutions separated by the ion-selective membrane of interest.171 Because of 

their large surface area, these electrodes have low charge transfer resistances and low bulk 

resistances. They provide stable surface potentials, making them ideal electrodes for EIS. 

However, impedance spectra of ion-selective membranes acquired using two-electrode 

cells may exhibit artifacts related to these electrodes,182 which can lead to inaccurate data 

interpretation. These artifacts are particularly relevant in the frequency range where 

Warburg impedances are observed. 

It is now more common for EIS measurements to be acquired using four-electrode 

cells, which allows for better control of the applied potential and reduction of undesired 

impedance artifacts that arise in two-electrode measurements.182-187 The expectation is that 

the applied AC current flows from one working electrode through the ion-selective 

membrane to another working electrode, while the resulting AC voltage across the ion-

selective membrane is observed with two separate reference electrodes. However, as 

discussed in this contribution, four-electrode EIS may also suffer from artifacts (i.e., 

features in the EIS spectra that are not associated with the sensing membrane but result 

from the measuring electrodes and/or instrumentation), which may or may not be apparent 

to the user.182, 188-189 Moreover, even though four-electrode cells are generally expected to 

provide data of higher quality, they are often avoided by users due to the difficulty of 
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introducing a fourth electrode into an existing device, as for example in the case of solid-

contact ISEs.11-13 This has lead to numerous reports of EIS with three-electrode cells, which 

exhibit their own artifacts.11-13 In addition, literature searches of EIS of ion-selective 

electrodes reveal that experimental setups vary and are commonly undescribed. In the case 

of the first EIS of an ion-selective membrane, a four-electrode cell is described; however, 

data from two-electrode measurements are presented.1 

Impedance artifacts in measurements of thin films, solid electrolytes, and fuel cells 

have been studied.190-196 Also, the effects of reference electrodes197 and cell geometries198 

on artifacts in three-electrode cells filled with electrolyte solutions were reported. 

However, impedance artifacts in measurements of ion-selective membranes using four-

electrode cells have not been reported in the literature. Moreover, a comprehensive 

comparison of artifacts in EIS spectra of ion-selective membranes obtained with two-, 

three-, and four-electrode cells has been missing. 

The goal of this contribution is, therefore, to provide an intuitive understanding of 

the cause of low and high frequency artifacts when measuring impedance spectra of ion-

selective membranes in cells with two, three or four electrodes. In addition, straightforward 

ways to reduce and/or avoid artifacts in EIS measurements are discussed. 

EXPERIMENTAL 

Materials.  

Sample solutions were prepared using deionized and charcoal-treated water (>18.2 MΩ cm 

specific resistance) obtained with a Milli-Q PLUS reagent grade water system (Millipore, 

Bedford, MA). High molecular weight poly(vinyl chloride), 2-nitrophenyl octyl ether, and 

potassium tetrakis(4-chlorophenyl)borate were purchased from Fluka (Buchs, 



192 
 

Switzerland), valinomycin was purchased from Sigma-Aldrich (St. Louis, MO), and KCl 

(99.5 % purity) was purchased from Fisher Scientific (Waltham, MA). 

Preparation of Ion-Selective Membranes.  

 A tetrahydrofuran solution (1 mL) of the membrane components (200 mg) was 

poured into a glass dish with an inner diameter of 30 mm, and the tetrahydrofuran was 

allowed to evaporate overnight. The membranes were composed of 33% w/w poly(vinyl 

chloride), 65.8% w/w 2-nitrophenyl octyl ether, and 50 mol % potassium tetrakis(4-

chlorophenyl)borate relative to valinomycin. Membrane discs (1.1 cm) were cut and glued 

onto Tygon tubing (9.5 mm i.d.) using tetrahydrofuran. The membranes were equilibrated 

overnight with 1.0 M KCl. 

Electrochemical Impedance Spectroscopy.  

All impedance measurements were performed on a Solartron 1255B frequency 

response analyzer with an SI 1287 electrochemical interface (Farnborough, Hampshire, 

U.K.) controlled by ZPlot software (Scribner Associates, Southern Pines, NC). The SI 1287 

electrochemical interface lists a reference channel input capacitance of 50 pF and a 

reference channel input resistance greater that 10 GΩ, and the 1255B frequency response 

analyzer lists a input capacitance of less than 10 nF. In addition to the listed input 

capacitances, the SI 1287 is connected to the 1255B with coaxial cables, which further 

increase the input capacitance. Measurements were performed in the frequency range from 

1 MHz to 0.1 Hz at frequencies separated by 0.1 units on the logarithmic scale. 

Measurements were performed at the open circuit potential with an AC amplitude of 100 

mV (unless otherwise stated). Membranes were kept in a 1.0 M KCl solution. Data was 

collected using a variety of working, counter, and reference electrodes, i.e., a 0.25 mm 
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coiled Pt wire (99.998%, Alfa Aesar, Ward Hill, MA; electrode A), Pt gauze (2” by 0.5”; 

electrode B), AgCl-coated 0.5 mm Ag wire (Ag wire, 99.9%, Alfa Aesar, Ward Hill, MA; 

electrode C), electrode B inserted into a glass tube with a Vycor glass frit6, 22 (filled with 3 

M KCl; electrode D), electrode B inserted into a flame-pulled Pasteur pipette (filled with 

1.0 M KCl; electrode E), and a Mettler Toledo DX200 free-flowing double-junction5 

reference electrode (with a 1.0 M LiOAc bridge electrolyte and AgCl-saturated 3.0 M KCl 

inner reference electrolyte; electrode F). All simulations and data fits were performed using 

complex number notation with the mathematics software Mathematica 10.1 (Champaign, 

IL), which allows for very complex models that take into account not only the 

electrochemical cell but also the measuring circuitry. 

RESULTS AND DISCUSSION 

Ion-Selective Membrane Impedance Spectra.  

Electrochemical impedance spectra are acquired by applying an AC voltage of 

controllable and variable frequency across a sample while simultaneously measuring the 

resulting current and the phase shift between the applied voltage and current.16 From the 

observed current and phase shift, the complex impedance of the sample can be calculated. 

Multiple texts are available15-19 for a detailed introduction to EIS.  

An equivalent circuit can be used to approximate the electrochemical impedance, 

ZLoad, of an ion-selective membrane (Figure 1).16,18,19 For the valinomycin-doped K+-

selective membrane that was used as a representative example in this study, four circuit 

elements can be used to describe its impedance spectrum: Rs (bulk resistance), Cdl (double 

layer capacitance), Rct (charge-transfer resistance), and Zw (Warburg impedance).1 Because 

these equivalent circuit elements are descriptive of the electrochemical properties of the 
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membrane bulk, membrane interface, and electrolyte solution, an accurate measurement of 

each element is necessary to quantitatively understand current transport through the 

electrochemical cell.16  

Using complex numbers, the total impedance represented by the equivalent circuit 

presented in Figure 1 is given by the following function: 

𝑍𝑍𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿(𝜔𝜔) = 𝑅𝑅𝑠𝑠 + ((𝑅𝑅𝑐𝑐𝑐𝑐 + 𝑍𝑍𝑊𝑊)−1 + √−1𝜔𝜔𝐶𝐶𝐿𝐿𝑑𝑑)−1 (1) 

where ω is the angular frequency of the applied voltage. The values of each coefficient can 

be fitted to experimental data and used to draw useful conclusions about the properties of 

the membrane. Unfortunately, Equation 1 is insufficient for fitting experimental impedance 

spectra that are affected by artifacts, which is true all too often. Therefore, a more detailed 

analysis that takes into account the instrumentation used to acquire EIS spectra is required. 

 

Figure 1. Ideal impedance spectrum of a valinomycin-doped K+-selective membrane. 

Data is plotted from 1 MHz to 1 Hz for Rs = 5 kΩ, Cdl = 1 pF, Rct = 100 kΩ, and a 

Warburg coefficient of 0.5. 

Experimental Parameters of Impedance Measurements.  

Four instrument channels are used in commercial impedance spectrometers to 

measure the current and voltage across a sample. These are typically denoted the working 
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electrode (WE), working electrode reference (WR), counter electrode (CE), and counter 

electrode reference (CR) channels. The WR and CR channels are used to measure the 

potential. The WE and CE channels are used to provide and measure the current needed to 

apply a desired voltage across the sample load. In the case of the Solartron 1255B 

frequency response analyzer used in this study, the current is measured in the WE rather 

than the CE channel, as shown in Figure 2. (Note that the distinction between WE and CE 

is arbitrary and that an instrument that measures the current on the CE channel is still 

represented adequately by Figure 2 if the labels CE and WE are swapped. Therefore, the 

discussion given here is—with the exception of the channel labeling—relevant to 

instruments from a wide range of suppliers.)  

 

Figure 2. Simplified schematic consistent with a Solartron 1255B frequency response 

analyzer: WE, WR, CR, and CE represent the working electrode, working electrode 

reference, counter electrode reference, and counter electrode channels, respectively. ZWE, 

ZWR, ZCR, and ZCE represent the complex impedance of electrodes connected to each 

channel. ZLoad is the impedance of the measured sample, and Vmeasured is the voltage 

measured by the spectrometer. ZCRleak and ZWRleak are the impedances to ground at the 

reference channels. Imeasured is the current measured by the insturment, and ICRleak and 

IWRleak are the leakage currents that cause impedance artifacts. The dotted line encloses 

components internal to the spectrometer. 
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In an ideal system, the input impedance of the reference channels is so large that no 

current can pass through them. This allows the impedance of the sample inserted in 

between the WE and CE channels to be measured. However, each impedance spectrometer 

has reference channels with a finite input impedance (represented in Figure 2 by ZCRleak and 

ZWRleak). Due to the large input resistance, current through the reference electrodes is 

negligible at low frequencies. However, at a frequency of 1 MHz, the reference channel 

input capacitance provides a path to a virtual ground that has an impedance of 

approximately 3 kΩ.  

|𝑍𝑍(𝜔𝜔)| = � 1
√−1𝜔𝜔𝜔𝜔

� = � 1
I(2π∗106 Hz)(50∗10−12F)

� = 3.2 kΩ    (2) 

This high frequency path to virtual ground allows for current to flow through the 

WR and CR channels (referred to as capacitive leakage, leakage current, or stray 

capacitance) and causes the impedance characteristics of the reference electrodes 

(represented in Figure 2 by their impedances ZCR and ZWR) to affect the measured 

impedance spectra.20-22,199  

The capacitive leakage inherent to impedance spectrometers is intensified by the 

cabling used to connect the measurement electrodes to the impedance spectrometer.22,200 

Due to the capacitance of the cable shielding, an additional path to virtual ground is present. 

These two capacitances can add up to an apparent capacitive short to virtual ground of 

hundreds of picofarads.22 In addition to these capacitive leakages changing the measured 

reference potential, they provide ground loops that can lead to inductive features in the 

resulting impedance spectra that are not related to the sample. 

The leakage currents (ICRleak and IWRleak) in Figure 2 allow for part of the supplied 

current to bypass the current measurement circuitry (Imeasured), which is located in a different 
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location of the spectrometer than the voltage measurement circuitry (Vmeasured). 

Consequently, when the complex impedance is calculated as Vmeasured/Imeasured, a result is 

obtained that does not only reflect ZLoad. 

Using complex number notation, the entire equivalent circuit shown in Figure 2 can 

be analyzed in a straightforward manner using Kirchhoff’s voltage and current laws. This 

analysis will be used in the following to describe impedance artifacts encountered when 

using two-, three-, and four-electrode cells. 

Two-Electrode Measurements. 

The simplest and historically first used method to measure the impedance of ion-

selective membranes was based on a two-electrode cell.1,201 The circuit presented in Figure 

2 can be modified to that of a two-electrode cell (Figure 3).  

 

Figure 3. Schematic of an impedance spectrometer with the WE and WR channels 

shorted and the CE and CR channels shorted for a two-electrode measurement. 

By removing the reference electrodes, shorting the WE to the WR channel, and 

shorting the CE to the CR channel, ground loops no longer contribute to a substantial 

capacitive leakage. This allows for measurements of samples with a wide range of load 

impedances, ZLoad, at high frequencies without the need to optimize the experimental setup. 

However, when using a two-electrode cell, the impedance characteristics of the working 

and counter electrode contribute to the acquired spectrum; the observed cell impedance is 
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not just ZLoad but the sum ZCE + ZLoad + ZWE. This is illustrated by the impedance spectra of 

K+-selective membranes (see Figure 4) as measured using a AgCl-coated Ag wire 

(electrode C) as the WE electrode and a range of different CE electrodes (i.e., electrode 

types C-F, which were chosen because the values of their impedances cover a wide range 

from 0.1 to 15 kΩ and which included a AgCl-coated wire, an electrode with a Vycor glass 

frit31,32 as liquid junction, a narrow-tip pipette, and a free-flowing double-junction33 

electrode, as described in detail in the Experimental Section). 

 

Figure 4. Impedance spectra of a K+-selective membrane measured using a two-electrode 

cell. The WE was a AgCl-coated Ag wire and the CE was of type C (), D (), E (), F 

(). Inset shows data expanded from the boxed region. (For graphs with the individual 

impedance spectra of electrodes D–F, see the Supplemental Information, Figure S1.) 

Ignoring the impedances of the CE and WE electrodes can lead to poor fits of Rs, 

Cdl, Rct, and Zw if the experimental data (as shown in Figure 4) are fitted with Equation 1 

(which ignores properties of the spectrometer), as shown in Figure 5 for a particularly poor 

choice of reference electrodes. Note that the high frequency artifact at the bottom left of 

the spectrum could easily be misinterpreted as a feature associated with the membrane 

under study, such as charge transfer resistance at the sample/membrane interface. 
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Figure 5. Impedance spectra of a K+-selective membrane measured using a two-electrode 

cell. The WE was a AgCl-coated Ag wire and the CE a free-flowing double-junction 

reference electrode (). Solid line is the data fitted to Equation 1. 

Although two-electrode measurements can introduce unwanted impedance features 

into measured spectra, careful selection of the WE and CE electrodes leads to meaningful 

data. Ideal WE and CE electrodes have low charge transfer resistances, low bulk 

resistances, and stable surface potentials. However, ideal electrodes with large surface 

areas and a low charge transfer resistance (such as AgCl-coated Ag plates in contact with 

a chloride solution) are not always applicable when studying non-aqueous samples or non-

chloride containing solutions. Therefore, the use of four-electrode cells is often preferable. 

Three-Electrode Measurements.  

In this section data will be presented to demonstrate that the WR and CR channels 

are not symmetrical in terms of the impedance artifacts generated, a fact that 

experimentalists must be aware of.  

The equivalent circuit of Figure 2 can be modified in two ways, either shorting the 

WE to the WR channel or the CE to the CR channel. First, let us consider shorting WE to 

the WR channel (Figure 6). 
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Figure 6. Schematic of an impedance spectrometer with the WE and WR channels 

shorted to produce a three-electrode measurement. 

Shorting the WE to the WR channel eliminates any voltage drop across ZWRleak; as 

IWRleak vanishes, it no longer causes artifacts in measured spectra. However, in this 

configuration, the WE electrode will influence the measured impedance in the same way 

as for the two-electrode spectra. Also, the CR electrode causes artifacts that depend on its 

impedance, ZCR, as illustrated by Figure 7. 

 

Figure 7. Impedance spectra of a K+-selective membrane as measured using a three-

electrode cell, with the WE and WR channels shorted. WE/WR was a AgCl-coated Ag 

wire, CE was a Pt gauze, and the WR electrode was of type C (), D (), E (), or F 

(). Inset shows data expanded from the boxed region. 

The spectra in Figure 7 show that an increasing resistance of the CR electrode leads, 

for high frequencies, to greater excursions into negative real impedance. These artifacts not 

only affect the high frequency data, but also cause easily recognized deviations in 

frequencies as low as 5 kHz. This can be visualized by fitting the spectrum from Figure 7 
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with the largest excursion into negative real impedance with Equation 1, as shown in Figure 

8. The fitted semicircle shows on its left side an excursion into negative real impedance 

(corresponding to an unreasonable negative value for the resistance Rs), and it also fits the 

experimental data on its right half quite poorly, resulting in avoidable errors in the 

determination of Cdl and Rct. 

One approach to reduce these artifacts is to use a reference electrode with a much 

lower impedance than the one of the free-flowing double-junction reference electrode with 

a ZCR of about 15 kΩ, as used for the data shown in Figure 8. This approach successfully 

minimizes the impedance artifacts, as shown by the data collected with a AgCl-coated Ag 

wire (type C) in Figure 7. 

 

Figure 8. Impedance spectrum of a K+-selective membrane measured using a three-

electrode cell with the WE and WR channels shorted. WE/WR was a AgCl-coated Ag 

wire, CE was Pt gauze, and CR was a free-flowing double-junction reference electrode 

(). The solid line is a fit of all experimental data to Equation 1. 

The alternative to shorting the WE to the WR channel is shorting the CE to the CR 

channel. The corresponding schematic is presented in Figure 9. 
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Figure 9. Schematic of an impedance spectrometer with the CE and CR channels shorted 

to produce a three-electrode measurement. 

By shorting the CE to the CR channel, it is this time ICRleak that no longer causes 

artifacts in the measured spectra. However, the impedance characteristics of the CE 

electrode now contribute to the observed impedance spectra, and the WR electrode has the 

potential to cause artifacts in the EIS spectrum. Impedance spectra collected with this three-

electrode cell are shown in Figure 10. 

 

Figure 10. Impedance spectra of a K+-selective membrane measured using a three-

electrode cell, with the CE and CR channels shorted. CE/CR was a AgCl-coated Ag wire, 

WE was a Pt gauze, and WR was of type C (), D (), or E (). Inset shows data 

expanded from the boxed region. 

Importantly, contrary to the impedance spectra of Figure 7, spectra collected with 

the CE and CR channels shorted did not exhibit impedance artifacts with any of the 

reference electrodes studied. This can be explained by the properties of simplified test 

circuits and predictions from mathematical models, as discussed in the following.  



203 
 

Test Circuit Analysis.  

To further clarify the origin of the impedance artifacts arising in the three-electrode 

measurements of the K+-selective membrane, a test circuit was assembled using a resistor 

in series with a parallel combination of a resistor and capacitor to represent the load 

impedance of an ion-selective membrane in an electrochemical cell. Impedance spectra 

collected using this test circuit are presented in Figure 11. 

 

Figure 11. Impedance spectra of a 2 kΩ resistor in series with a parallel combination of a 

150 kΩ resistor and 300 pF capacitor. Two-electrode measurement (), three-electrode 

measurement with the CE and CR channels shorted and an in-series 15 kΩ resistor added 

into the WR channel (), three-electrode measurement with the WE and WR shorted and 

an in-series 15 kΩ resistor added to the CR channel (). Inset shows data expanded from 

the boxed region. 

Impedance spectra collected with the test circuit exhibited the same artifacts as 

measurements with the electrochemical cell comprising the K+-selective membrane. 

Adding an in-series resistor into the CR channel (as shown in Figure 12, but with a 

resistance for ZCR) caused excursions into negative real impedance (Figure 11, ), while 

adding the same in-series resistor into the WR channel caused no change (). The data 

shown in Figure 10 was further analyzed in Mathematica 10.1 using models comprising 
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also equivalent circuit elements representing the spectrometer. The first model was 

developed using the schematic shown in Figure 6 to determine how artifacts are affected 

by changing the impedance of the CR electrode (for the Mathematica notebook, see the 

Supplemental Information). As it became apparent, the same conclusions as from this 

model could also be obtained from a simplified model in which the impedance 

contributions of the CE electrode and WE electrode were removed. A schematic of this 

simplified circuit is presented in Figure 12. 

 

Figure 12. Schematic used to model a three-electrode impedance spectrum with the WR 

and WE channels shorted. 

As the figure shows, ZLoad and ZCR + ZCRleak form parallel paths from CE to ground. 

Therefore, the capacitive leakage (ICRleak) has the largest effect on the observed impedance 

spectrum when the load impedance (ZLoad) is large relative to ZCR + ZCRleak, diverting a 

substantial fraction of the current Itotal coming from CE towards ZCR rather than ZLoad. This 

is exactly the situation that is encountered when ion-selective membranes with their 

typically high bulk resistance are analyzed.14 Importantly, the leakage current (ICRleak) that 

flows at high frequencies through ZCR and ZCRleak (the voltmeter has a very high input 

impedance and does not draw appreciable current) does not cause substantial changes in 

the measured potential (Vmeasured) as long as ZCR is small relative to ZCRleak. (For our 

instrument, ZCRleak was determined to be 1000 ± 100 pF by fitting data of Figure 11, ,  
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with the equivalent circuit shown in Figure 12; shortening the leads reduced this value to 

380 ± 60 pF, see Figure S7.) This can be seen readily from the voltage divider equation, 

which shows that the voltage across ZCR equals the voltage across the load multiplied with 

≈ZCR/(ZCR+ZCRleak), which is insignificant as long as ZCR << ZCRleak. However, by 

introducing an additional impedance with the CR electrode that is on the order of or larger 

than ZCRleak, an additional potential difference is present across that electrode (ICRleak ZCR) 

that prevents the actual potential of the load impedance (Imeasured ZLoad) from being 

measured accurately, resulting in artifacts in the EIS spectra. The total potential that is 

measured can be calculated as –ICRleak ZCR + Imeasured ZLoad. As the frequency of the applied 

AC current is decreased, the ratio ZCR/(ZCR+ZCRleak) begins to approach zero because the 

frequency-dependent impedance of the capacitance component of ZCRleak increases, and the 

measured voltage used to determine the impedance of interest approaches the ideal value 

of Imeasured ZLoad. Any stray impedance associated with the CE channel that may exist does 

not contribute to impedance artifacts. This process can be graphically represented by 

plotting the absolute potential across the CR channel (i.e., ICRleak ZCR) relative to the voltage 

across the load (i.e., Imeasured ZLoad; see Figure 13). 

  



206 
 

 

Figure 13. Calculated ratio of the absolute potential across ZCR and across ZLoad (as 

modeled with the circuit shown in Figure 12). ZLoad is a 2 kΩ resistor in series with a 

parallel combination of a 150 kΩ resistor and a 300 pF capacitor, ZCRleak is 1000 pF, and 

ZCR is a 1 kΩ (dotted line), 10 kΩ (dashed line), or 150 kΩ (solid line) in-series resistor 

added into the CR channel. 

Figure 13 shows that at high frequencies the impedance ZCR can cause Vmeasured to 

approach zero as the applied AC voltage across ZCR cancels the voltage across the load. 

Figure 13 also shows that a reference electrode with a low real impedance (i.e., resistance) 

will cause a reduction in impedance artifacts (see also Supplemental Information, Figure 

S2). This shows that reference electrodes connected to the CR channel should have a low 

resistance. 

In the opposite situation (i.e., shorting the CE to the CR channel; see Figure 14), 

the current coming from the load impedance is split among the parallel paths ZWR + ZWRleak 

and ZWE. (For our instrument, ZWRleak was determined to be 500 ± 40 pF by fitting the data 

in Figure S3, , with the equivalent circuit developed from the circuit in Figure 14 and 

350 ± 10 pF by fitting data collected with shortened leads; see Figure S8.) If the impedance 

of ZWE is much larger than ZWR + ZWRleak, then Vmeasured will differ substantially from the 

potential present across ZLoad. 
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Having a WE electrode that has a much greater impedance than the WR electrode 

is rarely encountered in practice, but an illustration of impedance artifacts for such a 

situation is included in the Supplemental Information (see Figures S3–S5 and S8). 

 

Figure 14. Simplified schematic used to model three-electrode impedance spectra with 

the WR and WE channels shorted. 

An important conclusion for the practitioner of EIS who cannot avoid using a three-

electrode setup is that the two measurement options represented by Figures 6 and 9 are not 

equivalent. If a large reference electrode impedance cannot be avoided, the setup 

represented by Figure 9 is preferable, except for the unlikely case that the impedance of 

WE is very large. It is noteworthy that, in the setup represented by Figure 9 (and, therefore, 

the often preferable setup), the reference electrode WR is on the same side of the load as 

WE, opposing CE on the other side of the load. This setup may appear counterintuitive to 

someone very familiar with three-electrode voltammetry, but one should keep in mind that 

this is the result of the arbitrary labeling of the two current carrying channels as CE and 

WE.  

Four-Electrode Measurements.  

Four-electrode measurements exhibit the same type of artifacts as those collected 

using the two types of three-electrode measurements. Impedance spectra collected with a 

four-electrode cell, where the WE was a Pt wire, WR was a AgCl-coated Ag wire, CE was 
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a Pt gauze, and the CR electrodes were of type C to F are presented in Figure 15. As the 

figure shows, these spectra exhibit the same artifacts that are present in three-electrode 

measurements with the WE and WR channels shorted (Figure 7). 

Impedance artifacts are minimized by reducing the impedance of the CR electrode, 

as expected from the mathematical simulations (see Figure 13). In addition, these spectra 

display a larger Warburg impedance than those measured with three electrodes. This can 

only be due to the removal of the impedance of the WE electrode. Therefore, for a complete 

analysis of an ion-selective membrane, particularly the Warburg impedance, a four-

electrode cell is the most appropriate. 

Impedance spectra were also measured with a four-electrode cell where, as above, 

the WE was a Pt wire and the CE was a Pt gauze, but the types of electrodes for the CR 

and WR channels were switched, i.e., the CR was a AgCl-coated Ag wire, and the WR 

electrode was of type C–F. These spectra did not display any artifacts as the impedance of 

the WE channel with a Pt wire is much smaller than that of the reference electrodes 

connected to the WR channel. This result is expected from the mathematical models 

presented in Figure 12 and 14. 
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Figure 15. Impedance spectra of a K+-selective membrane measured using a four-

electrode cell. WE was a Pt wire, WR was a AgCl-coated Ag wire, CE was a Pt gauze, 

and CR electrode was of type C (), D (), E (), or F (). Inset shows data expanded 

from boxed region. 

Chemical Artifacts.  

Users must select an amplitude for the AC modulation of the voltage used to 

measure impedance spectra. Common voltage amplitudes reported in the literature vary 

from 0.01 to 1 V.2-4,202-203 Importantly, the voltage amplitude applied to an ion-selective 

membrane can have a direct effect on experimental data if it is too large. By applying a 

large voltage across an ion-selective membrane, large numbers of ions are forced out of or 

into the membrane. This was found to introduce systematic errors in the impedance spectra 

of K+-selective membranes at low frequencies. Most importantly, these artifacts cause the 

Warburg impedance element to deviate from the ideal 45º angle. The experimental 

observation of this characteristic is illustrated in Figure 16, which shows that the Warburg 

impedance at an applied voltage amplitude of 1 V deviates from the theoretical 45º angle. 



210 
 

 

Figure 16. Subset of impedance spectra of a K+-selective membrane measured using a 

four-electrode cell. WE was a Pt wire, WR was a AgCl-coated Ag wire, CE was a Pt 

gauze, and CR was a AgCl-coated Ag wire. Data was collected for applied voltages of 10 

mV (), 100 mV (), and 1 V (). Adjacent data points are separated by 0.1 units on a 

logarithmic scale. The dotted line indicates a 45o angle. 

A suitable voltage amplitude must be determined experimentally. By applying 

voltages that are too large, chemical artifacts will be seen, while applying voltages that are 

too low will cause increased noise. The K+-selective membranes studied here did not show 

deviations from ideal behavior until voltage amplitudes larger than 100 mV were applied. 

CONCLUSIONS 

EIS measurements of ion-selective electrode membranes have been carried out 

using two-, three-, and four-electrode cell for decades. However, to date, there has not been 

a comprehensive discussion of instrumental artifacts that arise in the EIS characterization 

of such membranes, which typically exhibit large bulk resistances.  

With this study, we showed that two-electrode measurements include varying degrees of 

impedance artifacts caused by the measuring electrodes. The occurrence of such artifacts 
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can be detected by measuring spectra with different electrodes. If the selection of the 

electrode affects the EIS spectra, a three- or four-electrode cell should be used. 

Three-electrode EIS was carried out on valinomycin-doped K+-selective 

membranes to illustrate the causes of impedance artifacts, i.e., the leakage current inherent 

to impedance spectrometers.14-16 For a spectrometer that measures the current on the WE 

channel, the leakage current has a large effect on impedance spectra if resistive reference 

electrodes are connected to the CR channel, causing inaccurate measurements. In addition, 

WR electrodes were found to introduce impedance artifacts if their impedance is much 

larger than that of the WE electrode. 

It was also shown that impedance artifacts in four-electrode measurements can be 

analyzed with the understanding of artifacts present in three-electrode measurements. By 

acquiring impedance spectra with multiple reference electrodes, a user can determine the 

cause of the artifact. Combining this with an understanding of the circuitry inherent to the 

impedance spectrometer allows for accurate measurements of equivalent circuits of ion-

selective membranes. This can be achieved by using (i) low impedance CR electrodes and 

(ii) WR electrodes with a larger impedance than the WE electrode, or the opposite if current 

is measured with the CE channel (see Figure 9). Users who do not know which channel is 

used for the current measurement in their instrument may test in a preliminary experiment 

both setups to empiricially identify the preferred setup. In those cases where exchanging 

the electrodes connected to the WE, WR, CE, or CR channels is not feasible, EIS spectra 

affected by artifacts can be fitted with an equivalent circuit that takes into account the 

impedances of the reference channels, permitting the determination of accurate membrane 

impedances. 
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SUPPORTING INFORMATION 

 

Figure S1. Impedance spectra of a reference electrodes measured using a three-electrode 

cell. WE was a AgCl-coated Ag wire inserted into a glass tube with a Vycor glass frit 

filled with 3 M KCl (), a AgCl-coated Ag wire inserted into a flame-pulled Pasteur 

pipette filled with 1.0 M KCl (), and a Mettler Toledo DX200 free-flowing double-

junction reference electrode (with a 1.0 M LiOAc bridge electrolyte and AgCl-saturated 

3.0 M KCl inner reference electrolyte; ). Inset shows data expanded from the boxed 

region. 
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Figure S2. Calculated impedance spectra (modeled for the equivalent circuit in Figure 

12) for ZCRLeak = 1000 pF and a load impedance consisting of a 2 kΩ resistor in series 

with a parallel combination of a 150 kΩ resistor and 300 pF capacitor. Spectra are 

presented for an ideal measurement (dot) and a 1 kΩ (dash), 10 kΩ (dash dot), and a in-

series 50 kΩ (solid line) resistor added into the WR channel. 

 

Figure S3. Experimental impedance spectra of a load consisting of a 2 kΩ resistor in 

series with a parallel combination of a 150 kΩ resistor and a 300 pF capacitor: Two-

electrode measurement (), three-electrode measurement with the CE and CR channels 

shorted and a 15 kΩ resistor added to the WE channel (). 
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Figure S4. Calculated impedance spectra (modeled for the equivalent circuit shown in 

Figure 14) for a load impedance consiting of a 2 kΩ resistor in series with a parallel 

combination of a 150 kΩ resistor and 300 pF capacitor: ZWE = 1 kΩ, ZWRLeak = 500 pF, 

and ZWR either  0.1 kΩ (dot), 1 kΩ (dash), or 10 kΩ (solid line). 

 

Figure S5. Calculated ratio of the absolute potential across ZWR relative to Zload (modeled 

for the circuit in Figure 14). Zload was modeled to consist of a 2 kΩ resistor in series with 

a parallel combination of a 150 kΩ resistance and 300 pF capacitance. ZWE = 1 kΩ, 

ZWRleak = 500 pF, and ZWR is 0.1 kΩ (dot), 1 kΩ (dash), or 10 kΩ (solid line). 
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Figure S6. Experimental three-electrode impedance spectrum of a 2 kΩ resistor in series 

with a parallel combination of a 150 kΩ resistor and a 300 pF capacitor (). The solid 

line shows a fit of the experimental data based on the equivalent circuit shown in Figure 

12. 

 

Figure S7. Experimental three-electrode impedance spectrum of a 2 kΩ resistor in series 

with a parallel combination of a 150 kΩ resistor and 300 pF capacitor, with an in-series 

15 kΩ resistor added into the CR channel (). The solid line shows a fit of the 

experimental data based on the equivalent circuit shown in Figure 12. 
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Figure S8. Experimental three-electrode impedance spectrum of a 2 kΩ resistor in series 

with a parallel combination of a 150 kΩ resistor and a 300 pF capacitor, with an in-series 

15 kΩ resistor added into the WE channel (). The solid line shows a fit of the 

experimental data based on the equivalent circuit shown in Figure 12. 
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CHAPTER 9. Ion Aggregation and R3N+–C(R)–H···NR3 Hydrogen 

Bonding in a Fluorous Phase 

Adapted from: 

Ion Aggregation and N+–C–H···NR3 Hydrogen Bonding in a Fluorous Phase, Anderson, 

E. L.; Gingery, N. M.; Chen, X.; Boswell, P.; Rábai, J.; Buhlmann, P., J. Phys. Chem. B, 

2016, 120, 11239–11246  

Reproduced by permission of American Chemical Society. 

Copyright © 2016 American Chemical Society 

Contribution: 

This author analyzed conductivity data and developed models for the analysis of the data 

with Prof. Buhlmann. 
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SYNOPSIS 

Potentiometric selectivities show that in fluorous ion-selective electrode 

membranes the tetrabutylammonium ion binds to fluorophilic proton ionophores. For the 

ionophore bis 3-(perfluorooctyl)propyl](2,2,2-trifluoroethyl)amine, this type of 

interaction is confirmed by the effect of the ionophore on the ionic conductivity of 

perfluoro(perhydrophenanthrene) solutions of a fluorophilic NBu4
+ salt. In this system, ion 

pairs, triple ions, and higher ionic aggregates dominate over single ions, and the ionophore 

increases the conductivity by favoring the formation of ion aggregates with a net charge. 

These observations are consistent with the formation of R3N+–C(R)–H···NR3 type 

hydrogen bonds between the nitrogen atom of the ionophore and the hydrogen atoms in 

alpha position to the positively charged quaternary ammonium center of NBu4
+. Similar 

interactions were observed in a number of crystalline phases. To date, observations of C–

H···N type hydrogen bonds in liquid phases have been very few, and solution-phase N+–

C–H···N type hydrogen bonds have not been reported previously. Interestingly, no 

interactions between NBu4
+ and the more basic ionophore tridodecylamine were observed 

in conventional plasticized poly(vinyl chloride) membranes doped with the ionophore 

tridodecylamine, emphasizing the uniquely low polarity of fluorous phases. 

INTRODUCTION 

Several experimental techniques exist to measure the stability of ionophore 

complexes in ion-selective electrode13-14, 175-176, 204-205 (ISE) membranes. In conventional 

polymeric ISE membranes, thermodynamic binding constants are most often determined 

using the segmented sandwich membrane method.206-207 However, in ISEs with non-

polymeric matrixes, diffusion through the hydrophobic liquid matrix is relatively fast, 
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making it difficult to use this method. Therefore, the method most often used for non-

polymeric electrode membranes involves the determination of the potentiometric 

selectivity for ionophore-binding ions with respect to a reference ion that does not form a 

complex with the ionophore. The difference in the selectivities of the ISE with an 

ionophore-doped membrane and an ISE with an ionophore-free ion-exchanger membrane 

is used to calculate the complex formation constants.208 Stronger specific interactions 

between the ion of interest and the ionophore result in large differences between the 

selectivities of the two types of ISEs. The selection of an appropriate inert reference ion 

has been guided in the past mostly by chemical intuition and past experience. Most often, 

the tetraphenylborate anion (BPh4
–) and tetrabutylammonium cation (NBu4

+) have been 

used for the characterization of ionophore-doped anion- and cation-selective electrodes, 

respectively, as it has been assumed that these bulky ions do not interact specifically with 

ionophores. However, the proper selection of a reference ion is not without its problems, 

as we report here for ISEs with fluorous sensing phases doped with fluorophilic 

trialkylamine ionophores.  

 Fluorous compounds such as perfluoroalkanes, perfluoroalkyl ethers, and 

perfluoro(trialkylamines) are the least polar condensed phases known.209-210 Their 

exceptionally low polarity is the result of the very low polarizability of C–F bonds. The 

extremely low polarity of such compounds is demonstrated by the π* scale of solvent 

polarity/polarizability, on which dimethyl sulfoxide defines 1 and cyclohexane defines 0, 

while perfluorooctane has a value of –0.41.16, 211 As a result of their low polarity and 

polarizability, fluorocarbons are very poor solvents. Only compounds that either are highly 

fluorinated (such as molecules with perfluoroalkyl substituents) or are extremely small 
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(such as molecular oxygen) dissolve well in fluorocarbons. This explains, for example, that 

at room temperature octane and perfluorooctane phase-separate spontaneously.  

We have been taking advantage of the low solubility of biological lipophilic 

compounds in fluorous matrixes212-217 to develop ion-selective membranes with improved 

selectivities and reduced biofouling. Besides other fluorous membrane ISEs,17-18, 48, 126, 218-

222 we reported on pH selective electrodes with fluorous membranes that contained highly 

fluorinated trialkylamine derivatives as ionophores.223 The selectivities of these sensors are 

not only greater than those of analogous sensors with nonfluorous membranes, but they 

exceed those of the best ionophore-based pH sensors with non-fluorous sensing 

membranes. While the pKa values of unsubstituted trialkylamines in water are 

approximately 10.6, and the pKa of tridodecylamine in PVC membranes plasticized with 

dioctyl sebacate (DOS) is 11.8 (see below), we determined the pKa of N((CH2)5(CF2)7CF3)3 

in the fluorous solvent perfluoro(perhydrophenanthrene) (1) as 15.4.29 The enhanced H+ 

selectivity can be attributed to two concurrent effects. First, interfering cations have a very 

high energy barrier for entering the fluorous membrane, where they are offered little 

solvation by the fluorous matrix. Also, the fluorous matrix offers very little solvation to the 

receptor, making it more readily available to interact with the analyte ion. 
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In the course of quantifying the stability of the complexes of H+ and the fluorophilic 

trialkylamine ionophores 2 to 4 in the fluorous solvent perfluoro(perhydrophenanthrene), 

we found potentiometric and conductometric evidence for the interaction between NBu4
+ 

and these ionophores. Our results are consistent with interactions of the type R3N+–C(R)–

H···NR3. Attractive interactions of the type C–H···X have been previously observed in the 

crystalline state with infrared spectroscopy,224-225 neutron226 and x-ray227-228 

crystallography, and scanning tunneling microscopy.229 Interestingly, the shortest C–H···O 

distances were observed when the C–H carbon was bound to a neutral or positively charged 

nitrogen atom, apparently as the result of an inductive effect.226 Computational studies 

confirm for the case of many quaternary ammonium ions the decreased electron density at 

the R3N+–C(R)–H hydrogen atoms and suggest that, if available, more than one hydrogen 

interacts with the hydrogen bond acceptor.230 However, experimental evidence for 

hydrogen bonds of the C–H···N type in a liquid phase, as presented in this work, are very 

few. We are only aware of one example231 of a C–H···N type of hydrogen bond not assisted 

enthalpically or entropically by either a restricted geometry or additional (conventional) 

hydrogen bonds. In particular, to the best of our knowledge, R3N+–C(R)–H···NR3 type 

interactions in the solution phase have not been described in the literature previously.  

EXPERIMENTAL 

Reagents. 

The tetrabutylammonium salt of tetrakis 3,5-bis(perfluorohexyl)phenyl]borate 

(5)20 was synthesized219, 232 by metathesis from the sodium salt of 5 and 

tetrabutylammonium chloride. It is referred to in the following as [NBu4][BArF104]. The 

syntheses of the fluorophilic ionophores bis 3-
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(perfluorooctyl)propyl](perfluoroheptyl)methylamine (2), bis 3-

(perfluorooctyl)propyl](2,2,2-trifluoroethyl)amine (3), and tris 3-

(perfluorooctyl)propyl]amine (4) have been reported.223 

 

  

 

 All materials were of the highest commercially available purity. 

Perfluoro(perhydrophenanthrene), tridodecylamine, and tetrabutylammonium chloride 

were purchased from Alfa Aesar (Ward Hill, MN). Tetraphenylphosphonium chloride, 

tridodecylmethylammonium chloride (TDDMACl), and sodium phosphate were obtained 

from Sigma Aldrich (St. Louis, MO). FC-72 (perfluorohexanes) and poly(vinyl chloride) 

(PVC, high molecular weight) were purchased from 3M (St. Paul, MN) and Fluka (Buchs, 

Switzerland), respectively. Bis(2-ethylhexyl) sebacate (DOS) and potassium tetrakis(4-

chlorophenyl)borate (KTpClPB) were obtained from Dojindo Laboratories (Kumamoto, 

Japan). Solutions were prepared using deionized charcoal-treated water (18.2 MΩ cm 

specific resistance) purified with a Milli-Q PLUS reagent grade water system (Millipore, 

Bedford, MA). 

Potentiometry.  

Potentiometry was conducted at room temperature (22 ºC) with an EMF 16 

potentiometer (Lawson Labs, Malvern, PA) controlled using EMF Suite 1.02 software 
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(Fluorous Innovations, Arden Hills, MN). The external reference electrode (DX200, 

Mettler Toledo, Greifensee, Switzerland) consisted of a double-junction Ag/AgCl 

electrode with a 1.0 M LiOAc bridge electrolyte and 3.0 M KCl solution as reference 

electrolyte. An InLab 201 pH half-cell glass electrode (Mettler-Toledo, Columbus, OH) 

was used to monitor pH.  

Fluorous Membranes.  

Fluorous membranes were prepared as previously described223 using 

polytetrafluoroethylene (PTFE) filter disks (50 μm thick, 0.45 μm pore size, 85% porosity) 

as mechanical support. To fill the pores of the filter disk with the fluorous solution, 28 μL 

of perfluoro(perhydrophenanthrene) (1) that contained 1.0 mM of the Na+ salt of the 

fluorophilic tetraphenylborate derivative 5 (to provide ionic sites) and 2.0 mM of the 

desired ionophore was applied to the disk surface. This resulted in spontaneous permeation 

of the liquid into the pores. The thus obtained sensing membranes were mounted into 

custom-machined bodies made from poly(chlorotrifluoroethylene), which were then filled 

with inner filling solution (10 mM NaCl, 1 M citric acid, adjusted to pH 5.4 with NaOH) 

and equipped with a AgCl-coated Ag wire as inner reference electrode. Before use, the thus 

prepared electrodes were conditioned by immersion for 2–3 h into a solution identical with 

the inner filling solution. Selectivity measurements were performed with the fixed 

interference and separate solutions methods, as described previously.204, 223, 233 In the case 

of some very large selectivity coefficients, thermodynamically meaningful, unbiased 

selectivity coefficients could not be measured directly. In those cases, selectivity 

coefficients were computed as the product of two or three smaller selectivity coefficients, 

such as in the case of  (for details, see the 
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Supporting Information). Ion activities were calculated using a two-parameter Debye-

Hückel approximation.87  

Stability of H+·Tridodecylamine Complexes in PVC Membranes.  

PVC-based membranes were prepared as described earlier.234 33% PVC, 66% 

DOS, 1% tridodecylamine (6) ionophore, and potassium tetrakis(4-chlorophenyl)borate 

(50 mol% with respect to 6) were dissolved in THF, poured into flat glass dishes, and the 

solvent was allowed to evaporate slowly overnight. For comparison, membranes without 

ionophore were prepared too. Membranes were cut from the parent membranes, mounted 

onto Phillips-type electrode bodies, and conditioned overnight in 10 mM phosphate buffer 

(pH 8.0). The inner filling solutions contained the same phosphate buffer as well as 1 mM 

NaCl. To test the response to H+, aliquots of HCl were added to a sample solution that 

contained phosphate buffer.  

Binding constants for 6 in plasticized PVC membranes were determined using the 

segmented sandwich membrane method.206-207 

Conductometry.  

Conductance measurements were performed with a Solartron 1255B Frequency 

Response Analyzer with a SI 1287 Electrochemical Interface (Solartron Analytical, 

Farnborough, Hampshire, UK) configured for two electrode measurements and controlled 

by ZPlot software (Scribner Associates, Southern Pines, NC, USA). The conductivity cell 

was custom-made. It consisted of two parallel steel disc electrodes, each thermally 

controlled to 25.0 ± 0.1 °C with a water block (Zalman ZM-WB5 CPU copper base water 

block, Quiet PC USA, Chicago Park, CA) on its backside, and separated from one another 

by a Teflon washer of 0.14 mm thickness (cut from Teflon sheets from RPlastics, San 
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Diego CA, or Fluoro-Plastics, Philadelphia PA). The Teflon washer with its central circular 

hole of 50 mm diameter defined the cell dimension. Tests with a thinner spacer (0.050 mm) 

worsened the reproducibility, while a thicker spacer (0.25 mm) gave no improvement in 

precision but increased the required sample volume and reduced the conductance. Samples 

were introduced by placement of 288 μL of electrolyte solution into the central hole of the 

Teflon washer positioned on one electrode, and closing the cell with the other electrode. 

Sample loading was performed within less than 20 s. (For schematics and pictures of the 

cell, see the Supporting Information.) Each electrode was then connected to the impedance 

analyzer with minigrabber test clips.  

Measurements were performed at the open circuit potential with an AC amplitude 

of 10 mV and a frequency scanned from 105 to 10 Hz. The resulting Nyquist plots were 

fitted with an equivalence model consisting of a resistance in parallel with a capacitance, 

using ZView software (Scribner Associates). The cell constant was determined with a 

solution that contained 0.0729 mol/kg of KCl in a 30% propanol/70% water mixture (5.0 

μS cm–1 conductance)235 using κcell = κ R, where κ is the conductivity (referred to in the 

older literature as specific conductance),236 and R is the measured resistance. In the case of 

fluorous electrolyte solutions, the electrodes and the Teflon spacer were rinsed thoroughly 

with perfluorohexanes and dried carefully after each measurement. The conductivities of 

fluorous solutions of bis 3-(perfluorooctyl)-propyl](2,2,2-trifluoroethyl)amine were 

measured in the concentration range from 4.26 mM to 1.09 M, with a constant background 

of 0.5 mM of the fluorophilic [NBu4][BArF104] electrolyte salt.  
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RESULTS AND DISCUSSION 

The initial indication for a possible interaction between NBu4
+ and fluorophilic 

trialkylamines came from the unbiased potentiometric selectivities of ISE membranes 

doped with one of the H+ ionophores 2 to 4, as shown in Table 1. As common in the 

potentiometry literature, the logarithmic selectivities for K+, Na+, H+, and NBu4
+ are shown 

in this table for each ISE membrane with respect to the tetraphenylphosphonium ion. It 

shows, for example, the value of  of –16.8 for a membrane doped with ionophore 

2, which indicates that this membrane has a preference of 1:10–16.8 for the 

tetraphenylphosphonium ion over K+. Because these  values have their origin in 

the local thermodynamic phase boundary equilibrium at the interface of the aqueous 

samples and the hydrophobic ion-selective membrane,13-14, 175-176, 204-205 the selectivity of 

the different ISE membranes for any pair of the inorganic cations can be readily obtained 

as the difference between the  values for the two cations considered. The 

selectivity of a membrane doped with ionophore 2 for K+ over Na+, for example, is 10+1.2:1, 

where 1.2 is the difference between  and  for this membrane. 
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Table 1. Logarithmic Selectivities, , of ISE Membranes Doped with Fluorophilic 

Trialkylamine Ionophores, Referenced Relative to the Tetraphenylphosphonium Ion.a 

 

Ionophore J = K+ b J = Na+ b J = H+ b J = NBu4+ 

2  -16.8 -18.0 -14.7 -2.8 

3  -16.8 -18.1 -14.1 -1.8 

4  -17.3 -18.7 -9.4 -2.2 
 
 
a Ionic site concentration 1.0 mM; ionophore concentration 2.0 mM. b  from ref. 223. 

Surprisingly, these data show that the ISE membrane doped with ionophore 2 was 

12 times less selective for NBu4
+ with respect to K+ than the membranes doped with 

ionophore 4 (i.e., on the logarithmic scale  differed by 1.1). Similarly, the 

selectivity for NBu4
+ with respect to Na+ differed by a factor of 21 (i.e., 1.3 on the 

logarithmic scale). These results were not anticipated since neither Na+ nor K+ was 

expected to interact substantially with these ionophores and, therefore,  and 

 were not expected to depend on the ionophore contained in these membranes.  

In contrast, when the H+ selectivities of these ISE membranes were determined with respect 

to the tetraphenylphosphonium cation (see Table 1), the K+ and Na+ selectivities of the ISE 

membranes doped with the different ionophores were much closer to one another. 

Specifically, the logarithmic selectivities of the ISE membranes based on ionophores 2, 3, 

and 4 fell within a range of ±0.22 for K+ and ±0.35 for Na+. Considering an estimated 

uncertainty of approximately 0.3 in direct measurements of , and taking into 

account uncertainty propagation when calculating  from +
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, the  appear fully compatible with the hypothesis that K+, Na+, and 

PPh4
+ all do not interact substantially with any of the ionophores. On the other hand, the 

large range of the  values for the different ionophores raised the surprising 

possibility of a significant interaction between the fluorophilic trialkylamine ionophores 

and the tetrabutylammonium ion.  

Conductometry.  

Conductometry was used to gain additional insight into the interaction of the 

ionophore bis 3-(perfluorooctyl)-propyl](2,2,2-trifluoroethyl)amine, 4, and the 

tetrabutylammonium cation. However, before considering the more intricate properties of 

fluorous phases that contained both ionophore and electrolyte salt, the conductivity of the 

tetrabutylammonium tetrakis 3,5-bis(perfluorohexyl)phenyl]borate salt 

([NBu4][BArF104]) in the fluorous solvent perfluoro(perhydrophenanthrene) was analyzed. 

As Figure 1 shows, the conductivity of [NBu4][BArF104] solutions in the 0.4 to 27 mM 

concentration range is not proportional to the [NBu4][BArF104] concentration, as it would 

be expected for more dilute electrolyte solutions. Indeed, while for a dilute electrolyte the 

molar conductivity does not depend on the electrolyte concentration, the 27 mM solution 

exhibits a more than 100 times larger molar conductivity than the 0.4 mM solution. 
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Figure 1. Molar conductivity (top) and conductivity (bottom) of [NBu4][BArF104] 

solutions in the concentration range from 0.4 to 27 mM in 

perfluoro(perhydrophenanthrene) as solvent (note that the upper graph has a logarithmic 

concentration scale). The solid line shows a fit based on Equation 5. 

 The observed conductivity cannot be explained by the occurrence of the free ions 

NBu4
+

 and [BArF104]– (referred to in the following as A+ and X–) and the formation of ion 

pairs AX, since ion pair formation would result in a steady decrease in molar conductivity 

with increasing electrolyte concentration. There is precedence in the literature that 

formation of triple ions of the type A2X+ and AX2
– at high electrolyte concentrations results 

in a molar conductivity of various electrolyte solutions that goes through a minimum and 

then again increases slightly with increasing electrolyte concentration.43 However, ion pair 

and triple ion formation cannot explain the sharp increase in molar conductivity observed 

here for [NBu4][BArF104]. Whereas a number of efforts to fit the experimentally observed 
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conductivity with more complicated models failed, good fits of the conductivity for 

electrolyte concentrations were obtained with an uncomplicated model based solely on ion 

pairs AX and the formation of singly charged aggregates from multiple ion pairs: 

  (1) 

This model is based on the assumption that the concentration of free ions A+ and 

X– is negligibly small, which is reasonable given the extremely high ion pair formation 

constants in fluorous solvents. 126, 219 For example, in perfluoro(perhydrophenanthrene), 

the formation constants of ion pairs between [BArF104]– and a number of different inorganic 

monovalent cations are on the order of 1014 M–1. The model is also consistent with our 

recent study of 5.8 mM and 58 mM solutions of [NBu4][BArF104] in 

perfluoro(methylcyclohexane) using small-angle neutron scattering, which suggested a 

predominance of ion pairs in 5.8 mM solutions but the formation of long self-assembled 

structures with the shape of a cylinder in 58 mM solutions (9% m/m).237  

Since electroneutrality requires that the total concentration of negatively charged 

species in any electrolyte solution equals the total concentration of positively charged 

species, it follows from Equation 1 that , where 

 represents the total concentration of ionic species in solution. Consequently, the 

chemical equilibrium (1) can be described with the following equilibrium constant: 

  (2) 

Assuming the total number of ions to be small compared to the ion pair concentration (and, 

therefore, the total concentration of electrolyte salt in solution, ), the mass balance 

is given by:  
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  (3) 

Equations 2 and 3 can be combined to give: 

 
  (4) 

from which the specific conductance, , can be obtained as 

 ( ) 2/1
ion.

2/
AXtotal00 Kcn−+ += λλκ  (5) 

where  and  are the contributions of the cations and anions to the limiting molar 

conductivity,  (where ).  

The conductivity of the electrolyte salt [NBu4][BArF104] in 

perfluoro(perhydrophenanthrene) was fitted using Equation 5, giving n as 3.85±0.16 (95%) 

and ( ) 2/1
ion.00 K−+ +λλ  as 6.7x10-5 ± 1.97x10-5 S M-1.925 cm-1 (see Figure 1; for a comment on the 

units of the latter expression, see the Supporting Information). This confirms that ion pairs 

and triple ions alone cannot explain the steep increase in the observed conductivity in this 

range of electrolyte concentrations. With the value of n of 3.85±0.16, there is no obvious 

need to invoke electrically charged aggregates larger than quintuple ions in this electrolyte 

concentration range, though. Formation of a triple and a quintuple ion from four ion pairs 

satisfies n = 4, which is within uncertainty consistent with the experimentally observed 

3.85±0.16. 

It is interesting to compare these data to the conductivity of 

perfluoro(perhydrophenanthrene) solutions of tris[3-

(perfluorooctyl)propyl]methylammonium tetrakis 3,5-bis(perfluorohexyl)phenyl]borate 

(i.e., the salt of cation 7 and anion 5), which was reported in our earlier work126, 219 but was 

at the time not further analyzed.  
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To compare ion aggregation in solutions of, on one hand, [NBu4][BArF104] and, on 

the other hand, tris[3-(perfluorooctyl)propyl]methylammonium [BArF104]–, the originally 

reported conductivity data for solutions of the salt of 5 and 7 was also fitted with Equation 

5, giving n as 5.8 ± 1.1 and  as 2.7x10-5 ± 2.5x10-5 S M-2.9 cm-1 (Figure 2). 

The larger n for the tris[3-(perfluorooctyl)propyl]methylammonium salt than for the 

tetrabutylammonium salt may result from the tendency of long perfluoroalkyl chains to 

aggregate even in fluorous solvents. This is consistent with the stiffness of the 

perfluoroalkyl groups, which aggregate with a rather small entropy loss.  

 

 
Figure 2. Conductivity of tris[3-(perfluorooctyl)propyl]methylammonium [BArF104]– 

solution in perfluoro(perhydrophenanthrene). The solid line shows a fit based on 

Equation 5. 

In conclusion, the relatively simple ion aggregation model described by Equation 

(1) describes ion aggregation in fluorous solutions for both [NBu4][BArF104] and tris[3-

(perfluorooctyl)propyl]methylammonium [BArF104]–. 
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Effect of Ionophore on Conductivity.  

The effect of the ionophore bis 3-(perfluorooctyl)-propyl](2,2,2-

trifluoroethyl)amine (3) on the conductivity of fluorous electrolyte solutions was measured 

with perfluoro(perhydrophenanthrene) solutions that contained 0.5 mM [NBu4][BArF104], 

which is a concentration that is very close to the concentration of ion exchanger sites in the 

ISE membranes described above. As shown in Figure 3, the conductivity only shows a 

small dependence on the ionophore concentration as long as the ionophore concentration 

is small. However, at higher ionophore concentrations, the conductivity increases strongly, 

confirming an interaction between the ionophore and electrolyte salt. This consistent with 

the interpretation of the potentiometric selectivities described above. Because binding of 

the ionophore to ions increases the effective ion size, and because larger ions have lower 

mobilities, it follows that the ionophore affects ion aggregation by promoting the formation 

of electrically charged species from neutral aggregates. 

 

Figure 3. Conductivity of a 0.5 mM [NBu4][BArF104] solution in 

perfluoro(perhydrophenanthrene) as a function of the concentration of bis 3-

(perfluorooctyl)propyl](2,2,2-trifluoroethyl)amine, 3. The solid line shows a fit based on 

Equation 11. 
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 In analogy to the discussion of the pure fluorous electrolyte solutions, the effect of 

the fluorophilic ionophore on the conductivity of fluorous electrolyte solutions can be 

explained with a comparatively simple model. As for the electrolyte solutions too, multiple 

ion pairs are involved in the formation of larger ionic aggregates. Importantly, these ions 

are stabilized by interactions with the ionophore, L. In analogy to Equation 1, this can be 

described as follows:  

    (6) 

Note that Equation 6 can be written without specific assumptions on where the ionophore 

binds. Equation 6 only stipulates that some of the ionophore molecules involved in this 

equilibrium interact with the negatively charged , and others interact with the 

positively charged . The concentration  of ions formed as a result of the 

presence of the ionophore is given by: 

   (7) 

Using Equation 7, the equilibrium defined by Equation 6 can be described with the 

following equilibrium constant: 

   (8) 

 Assuming again the number of ions to be small compared to the ion pair 

concentration, the mass balance is given by:  

   (9) 

where  is the total concentration of the electrolyte salt. Since there is a large excess 

of ionophore with respect to the electrolyte salt, it may further be assumed that the 

concentration of free ionophore, , (i.e., ionophore not bound to an ion) is approximately 
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equal to the total ionophore concentration, . Equations 8 and 9 can therefore be 

combined to give: 

 [ ] 2/
Ltotal

2/
AXtotal

1/2
LionL 2Ion rn ccK •=   (10) 

from which the specific conductance, , can be obtained upon combination with Equation 

5 as 

   (11)  

where  and  are the contributions of the cations and anions to the limiting molar 

conductivity, , in the presence of the ionophore. Fitting of the specific conductance as 

a function of the ionophore concentration using Equation 11 gives r as 6.2±0.9 (see Figure 

3, = 8.9 x 10-9 ± 3.1x10-9 S M-3.1 cm-1). The correlation matrix 

shows a rather large covariance of 0.67 between  and r, which 

explains the fairly wide confidence interval for r.  

The large value of r explains the strong dependence of the conductivity on the 

ionophore concentration. Interestingly, if the typical number of ions in the ion aggregates 

 and  were the same as for  and  in the 

ionophore-free electrolyte solutions of [NBu4][BArF104] (e.g., if in both cases n = 3.85), an 

average of 1.6 ionophore molecules would bind to each tetrabutylammonium cation. While 

this is probably a coincidence, it is notable that the value of 1.6 agrees within uncertainty 

with an average of 1.5 ionophore molecules per tetrabutylammonium cation as it results 

for the hypothetical species L2A-X-AL2]+ and X-A(L)-X-A(L)-X]–, where two 

ionophores bind to each terminal tetrabutylammonium cation and one ionophore binds to 

the other tetrabutylammonium cations. 
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The basicity of the ionophore, L, is conducive to nucleophilic interaction with 

NBu4
+, which suggests an interaction of the type R3N+–C(R)–H···NR3 between the 

nitrogen atom of the ionophore and the hydrogen atoms in alpha position to the positively 

charged quaternary nitrogen of the ammonium cation. Indeed, infrared spectroscopy,224-225 

neutron226 and x-ray227-228 crystallography, and scanning tunneling microscopy229 have all 

confirmed for numerous compounds the formation of C–H···N type hydrogen bonds. 

While an analogous comparison for C–H···N interactions is not available, the analysis of 

a large number of neutron diffraction crystal structures showed that the shortest C–H···O 

distances are observed when a neutral or positively charged nitrogen atom is directly bound 

to the hydrogen bond donating C–H carbon,226 confirming that quaternary ammonium ions 

such as NBu4
+ are comparatively good hydrogen bond acceptors. Computational studies 

confirm the expected decrease in electron density at the N+–C–H hydrogen atom as the 

result of C–H···N interactions. Moreover, they also indicate that—sterics permitting—up 

to three N+–C–H hydrogens may interact with a single hydrogen bond acceptor,230 as it is 

illustrated in Figure 4 for a hypothetical 1:1 complex of NBu4
+ and a trialkylamine 

ionophore. 
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Figure 4. Hypothetical complex with hydrogen bonding between the nucleophilic 

nitrogen center of a fluorophilic trialkylamine ionophore (right) and three hydrogen 

atoms in α position to the quaternary ammonium center of BuN+(CHHC3H7)3, in analogy 

to similar complexes proposed for the tetramethylammonium cation in refs. 30 and 36. 

Interestingly, the formation of multi-ion aggregates in a fluorous phase is 

reminiscent of the interaction of pyridine and the fluorophilic carboxylic acid Krytox 

157FSH (CF3CF2CF2O[CF(CF3)CF2O)COOH, n ≈ 29) in perfluorohexane solutions.215 

While proton transfer from the acid to the pyridine is not observed at low Krytox 157 FSH 

concentrations, an excess of this acid leads to the formation of BH+·AHAHA– aggregates 

of 1:3 stoichiometry, stabilized by ionic hydrogen bonds. Proton transfer in an environment 

of such low polarity is only possible because the two additional acid molecules 

‘microsolvate’ the hydrogen bonded ion pair. 

Protonation of Tridodecylamine in a Non-Fluorous Phase.  

While at this point one can only speculate about the exact structure of the 

aggregates between the tetrabutylammonium cation and fluorophilic trialkylamines such 

as 2, 3, and 4, the results described above clearly show that in the fluorous phase there is a 

specific interaction between these species. Unlike the tetraphenylphosphonium cation, the 

tetrabutylammonium cation is, therefore, not suitable as reference ion for the 

potentiometric determination of ionophore complex stabilities in fluorous phases. This 

raised the question whether in hydrophobic but non-fluorous (“conventional”) ISE 
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membranes the tetrabutylammonium cation also interacts to a substantial extent with 

trialkylamines. To address this question, cation binding to tridodecylamine in PVC 

plasticized with the common plasticizer bis(2-ethylhexyl) sebacate (DOS) was investigated 

in this work, using the segmented sandwich membrane method for the determination of the 

binding constant. 

 The logarithm of the stability constant βIL of the complex between H+ and 

tridodecylamine was found to be 11.77±0.04, confirming the strong H+ affinity of 

tridodecylamine. However, unlike in the case of the fluorophilic ionophores and the 

fluorous solvent, there was no evidence for interactions between the tridodecylamine 

ionophore and the tetrabutylammonium cation, despite the fact that tridodecylamine 

(unlike the fluorophilic ionophores 2, 3, and 4) has no electron withdrawing substituents 

that reduce its basicity. 

CONCLUSIONS 

Host–guest interactions in fluorous media are particularly strong because of poor 

solvation of hosts and guests. As shown in this work, potentiometric selectivities of ISEs 

with fluorophilic H+ ionophores give strong evidence for the formation of R3N+–C(R)–

H···NR3 type interactions between the NBu4
+ cation and these ionophores, which was 

further confirmed by conductometry. While hydrogen bonds of this type were previously 

observed numerous times in crystals, and a few C–H···N type of solution-phase 

interactions have been reported in the literature, we are not aware of any previously 

reported observations of N+–C–H···N type interactions in the liquid phase. Interestingly, 

we have not been able to observe such interactions in plasticized PVC membranes, 

emphasizing the unique low-polarity character of fluorous compounds. The extremely low 
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polarity and polarizability results in the formation of triple and quintuple ions as the 

dominant ionic charge carriers in perfluoro(perhydrophenanthrene) solutions of 

[NBu4][BArF104] in the concentration range up to 27 mM. Larger ionic aggregates were 

observed in this work for tris[3-(perfluorooctyl)propyl]methylammonium [BArF104]– 

solutions. This is consistent with the observation of even larger linear self-assembling 

structures in 80 mM solutions of [NBu4][BArF104] in perfluoromethylcyclohexane, as 

recently observed with small-angle neutron scattering.237 This unique insight into hydrogen 

bonding and ion–ion interactions in these fluorophilic electrolyte solutions should prove 

useful to the further application of fluorous media for various analytical and synthetic 

applications. 
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SUPPORTING INFORMATION 

Stability of H+·Tridodecylamine Complexes in PVC Membranes.  

Binding constants for tridodecylamine (6) ionophore in plasticized PVC 

membranes were determined using the segmented sandwich membrane method.206-207 In 

brief, this method involves first the measurement of the EMF of an electrode with an 

ionophore-free membrane. This is followed by the measurement of the EMF of an electrode 

with a membrane stack that consists of an ionophore-free membrane on top of a membrane 

doped with ionophore, using the same aqueous solution as sample. The difference between 
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the two measured EMF values corresponds to the difference in the membrane–sample 

phase-boundary potentials of an ionophore-free and an ionophore-doped membrane. 

Division of the difference between the two measured EMF values by R T ln 10 / (z F) gives 

the logarithm of the ratio of the activities of the free ion of interest in the two types of 

membranes (where z is the charge of the ion and R, T, and F have their usual meaning). 

From this and the known concentrations of ionophore and ionic sites, the formation 

constant of the complex can be calculated. 

Membranes doped with ionophore 6 responded Nernstian to H+ above pH 7, but the 

ion exchange membranes responded Nernstian only at pH 1.5 and below. Therefore, the 

ionophore-based membranes were conditioned in 10 mM sodium phosphate buffer at pH 

8, and the ion exchanger membranes were conditioned in 80 mM HCl, i.e. pH ≈ 1.1. The 

segmented sandwich membrane method was performed as described in the literature but 

with an inner filling solution of 80 mM HCl and a sample of 10 mM sodium phosphate 

buffer at pH 8, with the ionophore-free membrane facing the inner filling solution and the 

ionophore-doped membrane facing the sample.206-207 The difference in H+ activities of the 

sample solutions in the two EMF measurements was taken into account by altering the 

Equation for the segmented sandwich membrane method from the literature to include the 

activities in the sample and inner filling solution: 

  (S1) 

where L is the concentration of ionophore (kg/mol), R is the concentration of ionic sites, n 

is the complex stoichiometry (which was assumed here to be 1), zI is the ionic charge, ∆EM 

is the difference in the responses of the segmented sandwich membrane and the response 

of the ionophore-free membrane, aI
’’ is the activity of the primary ion in the inner filling 
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solution, and aI
’ is the activity of the primary ion in the sample, and F, R and T have their 

usual meanings.  

Experiments to assess the stability of the putative tetrabutylammonium and 

tetraphenylphosphonium complexes of tridodecylamine were performed with the 

segmented sandwich membrane technique as described in the literature. In the case of the 

experiments with PPh4
+, the ionophore-doped and ionophore-free ion-exchanger 

membranes were conditioned in a solution of 1.0 mM PPh4Cl in 10 mM sodium phosphate 

buffer (pH 11.8). For experiments with NBu4
+, both types of ISE membranes were 

conditioned in 1.0 mM NBu4Cl/10 mM sodium phosphate buffer (pH 11.8). In both 

experiments with PPh4
+ and NBu4

+, the samples and inner filling solutions were the same 

as the conditioning solution. 

The logarithm of the stability constant βIL of the complex between H+ and 

tridodecylamine was found to be 11.77 ± 0.04, confirming the strong H+ affinity of this 

ionophore. However, unlike in the case of the fluorophilic ionophores and the fluorous 

solvent, there was no evidence for interactions between the tridodecylamine ionophore and 

the tetrabutylammonium cation. The experimental ∆EM values in tests with PPh4
+ and 

NBu4
+ ions were within experimental error identical. 

Determination of Numerically Very Large Selectivity Coefficients.  

As documented in the literature,1 the direct measurement of potentiometric 

selectivity coefficients for ions that are highly discriminated or preferred with respect to 

the ion of reference (i.e., typically the primary ion) can be difficult. Ion fluxes out of or 

into an ion-selective membrane2–11 can make such measurements challenging and may 

require unique procedures, such as conditioning of electrodes in electrolyte solutions that 
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do not contain the primary ion.11 If the direct measurement of potentiometric selectivity 

coefficients is not feasible, they may be determined indirectly. Because correctly 

determined selectivity coefficients (often referred to as “unbiased” selectivity coefficients) 

are thermodynamic entities, a selectivity coefficient for a pair of ions that is not directly 

measurable can be algebraically obtained from selectivity coefficients for pairs of ions that 

are directly measurable. For example, if the selectivity coefficient for ion B with respect to 

ion A ( KA,B
pot ) and the selectivity coefficient for ion C with respect to ion B ( KB,C

pot ) can be 

determined directly by experiment,  KA,C
pot  can be calculated as the product  KB,C

pot   KB,C
pot . It 

follows that in logarithmic terms the following is true: 

  log KA,C
pot  =  log KA,B

pot  +  log KB,C
pot   (S2) 

In the following, it is explained explicitly how Equation S2 was applied to compute values 

given in Table 1. 

For all ionophore-based membranes, selectivity coefficients log KPPh4, H
pot  were calculated 

from log KPPh4, NBu4

pot  and log KNBu4, H
pot  as follows: 

 log KPPh4, H
pot  = log KPPh4, NBu4

pot + log KNBu4, H
pot  (S3) 

where log 𝐾𝐾PPh4,NBu4
pot  and log KNBu4, H

pot  were each determined with the separate solution 

method.1  

In the case of K+ and Na+ selectivity measurements, selectivity coefficients log 

KPPh4,K
pot  (and analogous log KPPh4,Na

pot ) were determined from log KPPh4, H
pot  and log KH,K

pot  as 

follows: 

 log KPPh4, K
pot  = log KPPh4,H

pot  + log KH, K
pot   (S4) 

where log KH,K
pot  was determined with the fixed interference method.1  
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For ionophore-free ion-exchanger membranes, log KPPh4, K
pot  was determined as follows: 

 log KPPh4, K
pot  = log KPPh4, NBu4

pot  +  log KNBu4, Cs
pot  + log KCs, K

pot  (S5) 

where log KPPh4, NBu4

pot  and log KNBu4, Cs
pot  were determined with the separate solution method1 

and log KCs, K
pot  values were determined with the fixed interference method.1  

Nernstian responses were confirmed for all ions in the activity ranges in which selectivity 

measurements were performed. Activity coefficients were calculated using a two-

parameter Debye-Hückel approximation.12 

Design of a Custom-Made Temperature-Controlled Conductivity Cell for Low 

Conductivity Liquid Samples.  

The conductivity cell was custom-made with two parallel steel disc electrodes, each 

thermally controlled to 25.0 ± 0.1 °C with a water block (Zalman ZM-WB5 CPU copper 

base water block, Quiet PC USA, Chicago Park, CA) on its backside and separated from 

one another by a Teflon washer of 0.14 mm thickness (Figure S1). The Teflon washer with 

its central circular hole of 50 mm diameter defined the cell dimension. 
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Figure S1. Photo of the conductivity cell used in this paper. 

Units of ( ) 2/1
ion.00 K−+ +λλ .  

We report in the manuscript fitted values of 6.7x10-5 S M-1.925 cm-1  and 2.7x10-5 S 

M-2.9 cm-1 for the expression ( ) 2/1
ion.00 K−+ +λλ  in the cases of NBu4 BArF104 and tris[3-

(perfluorooctyl)propyl]methylammonium BArF104, respectively. The M-1.925 and M-2.9 

parts of the units for these values result from the square root of the equilibrium constant in 

( ) 2/1
ion.00 K−+ +λλ . We realize that certain authors emphasize that, by definition, each activity or 

concentration in an equilibrium constant expression has to be divided by the activity or 

concentration in the standard state, yielding a unit-less expression. However, other authors 

routinely report equilibrium constants with units. With this state of disagreement, it appears 

appropriate to follow the guidelines of the International Union of Pure and Applied 

Chemistry–Physical Chemistry Division, which states in its publication Quantities, Units 

and Symbols in Physical Chemistry (Blackwell Science, Oxford, 1993) on page 50 in 

footnote #17 about equilibrium constants: “These quantities are not in general 

dimensionless.” We believe that keeping the units for the equilibrium constants helps to 

prevent inappropriate direct comparisons of expressions that include equilibrium constants 

representing equilibria of different stoichiometries. 
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CHAPTER 10. Remediation of Perfluorooctylsulfonate Contamination 
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SYNOPSIS 

In-situ methods for the sequestration of perfluorooctyl-1-sulfonate (PFOS) that are 

based on PFOS binding to polyquaternium polymers were reported previously, providing 

an approach to immobilize and concentrate PFOS in situ. To apply these methods in real 

life, the concentrations of polymers that permit efficient sequestration must be determined. 

This is only possible if the stoichiometry and strength of PFOS binding to polyquaternium 

polymers are known. Here we report on the use of fluorous-phase ion-selective electrodes 

(ISEs) to determine the equilibrium constants characterizing binding of PFOS to 

poly(dimethylamine-co-epichlorohydrin) and poly(diallyldimethylammonium) in 

simulated groundwater and in soil suspensions. We introduce a new method to interpret 

potentiometric data for surfactant binding to the charged repeat unit of these polyions by 

combining a 1:1 binding model with the ISE response model. This allows for 

straightforward prediction and fitting of experimental potentiometric data in one step. Data 

fit the binding model for poly(diallyldimethylammonium) and poly(dimethylamine-co-

epichlorohydrin) chloride in soil-free conditions and in the presence of soil from Tinker 

Air Force Base. When the total PFOS concentration in a soil system is known, knowledge 

of these PFOS binding characteristics permits quantitative prediction of the mobile (free) 

and polymer-bound fractions of PFOS as a function of the concentrations of the 

polyquaternium polymer. Because the technique reported here is based on the selective in-

situ determination of the free ionic surfactant, we expect it to be similarly useful for 

determining the sequestration of a variety of other ionic pollutants. 
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INTRODUCTION 

Per- and polyfluoroalkyl substances (PFASs) are compounds in which all or the 

majority of the hydrogen atoms are replaced by fluorine.238 They typically comprise a long 

hydrophobic perfluoroalkyl chain (C4–C16), which makes them chemically very stable15-16 

and strongly hydrophobic.239 These unique properties led to the extensive use of PFASs in 

industrial and consumer products.240-241 Consequently, thousands of tons of PFASs have 

been produced annually since the 1950s.242 It was only in 2001 that the distribution of some 

of these PFASs in the environment all across the globe was discovered.243 In particular, 

perfluorooctanesulfonic acid (PFOS) has been found to be one of the most prevalent PFASs 

in the environment, leading to health advisories for drinking water by the Environmental 

Protection Agency (EPA) and much continued study.241-242, 244 Because the elimination 

half-life of PFOS in humans is 5.4 years, the removal of even trace concentrations of this 

compound from the environment is important.242, 245  

Numerous studies have been conducted to determine the best strategies for PFOS 

sequestration or degradation, including sorptive removal,246-248 flocculation,249 and 

oxidative,250 reductive,251 thermal,252 and microbial degradation.253 One of the approaches 

for in-situ sequestration of PFOS from groundwater is based on binding of PFOS to 

positively charged functional groups.249 Polyquaternium polymers, which are polycationic 

polymers that are often added to water to remove organic and inorganic anions by 

coagulation,254 are also suited for PFOS sequestration. Advantages of their use are their 

low cost, the ability to inject these polymers as solutions into the subsurface, the rapid 

reduction in aqueous phase PFOS, and the in-situ application.255 Because there are 

currently no efficient techniques available for in-situ destruction of PFOS, polymer 
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sequestrants are an attractive approach to stop expanding PFAS plumes, effectively 

immobilizing PFOS. 

Two polyquaternium polymers have been used to bind PFOS by electrostatic and 

non-polar interactions.255-256 Importantly, it was shown that these polyquaternium 

polymers bind to Ottawa sand and to soil from Tinker Air Force Base (Oklahoma City, 

Oklahoma), which immobilizes the PFOS–polymer aggregates and, thereby, results in 

effective containment. Although the sequestration of PFOS to Ottawa sand-bound 

polyquaternium polymers was studied to determine the quantity of PFOS that can be 

retained,255 a quantitative understanding of PFOS binding to these polymers and to 

polymer–soil aggregates under environmental conditions has been lacking. Therefore, to 

understand, model, and design remediation strategies that use polyquaternium polymers as 

PFOS sequestrants, the binding interactions between PFOS and these polycations have 

been studied in this work. 

Interactions of nonfluorinated surfactants and polymers has been studied since the 

early 1970’s.257-263 A few of these investigations implemented ion-selective electrodes 

(ISEs) as the chemical sensors to determine the fraction of freely dissolved surfactants 

coexisting with surfactants bound to polyelectrolytes.260-262 Because ISEs measure 

selectively only the activity of freely dissolved ions and allow for in-situ measurements 

even in turbid soil suspensions where many spectroscopic techniques fail, they are an 

excellent choice for such studies.175, 263 Moreover, in-situ measurements using ISEs 

inherently avoid sample preparation that is typical of liquid chromatography and is often 

associated with artifacts due to surfactant adsorption to container and filter surfaces. Also, 

in-situ ISE measurements are not affected by equilibrium shifts that result from changes in 
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volumes and solvents in the course of ex-situ analysis. In this context, various models have 

been proposed to quantify binding of surfactants to polyions, including models according 

to which the surfactants bind with a 1:1 stoichiometry to the individual charged repeat units 

of the polyions, as well as models involving cooperative binding.257-259  

In this study, we found that a 1:1 binding model that does not invoke cooperativity 

accurately describes the binding interactions between PFOS and the individual repeat units 

of poly(dimethylamine-co-epichlorohydrin), 1, and poly(diallyldimethylammonium), 2, 

which each carry a positive charge (see Figure 1). These polyquaternium polymers are 

good candidates for sequestration of PFOS because they have a high charge density and a 

hydrophobic backbone and side chains. In order to measure free PFOS in the presence of 

these polymers using an ISE with a fluorous membrane, a fluorophilic imidazolium cation 

was synthesized for use as an anion-exchange site. Fluorous-phase ISEs have been shown 

before to have excellent selectivity for PFOS over other anions,264 but anion-exchange sites 

used previously to prepare such ISEs were found to undergo oxidation, limiting the 

detection limits and long term stability of such sensors.18 The newly prepared imidazolium 

anion-exchange site provides stable sensor responses, and the fluorous-phase membranes 

prepared therewith show very high selectivities for PFOS over both carbonate and 

bicarbonate, which allows for direct monitoring of PFOS binding. To simulate 

environmental conditions, binding of PFOS to the polyquaternium polymers was also 

measured in the presence of soil from Tinker Air Force Base, demonstrating the 

applicability of ISEs for such measurements. Because interactions of polyquaternium 

polymers and soil from Tinker Air Force Base have been reported previously,256 

equilibrium constants as determined in this work can be used to model the amount of 
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polyquaternium polymers needed to sequester a desired amount of PFOS under 

environmentally relevant conditions. 

 

Figure 1. Repeat unit structures of poly(dimethylamine-co-epichlorohydrin) 

chloride, 1, and poly(diallyldimethylammonium) chloride, 2. 

THEORY 

Response Mechanism of PFOS-Selective Electrodes 

ISEs are sensors that detect the concentration of target ions within a given sample 

solution by current-free measurements of the electrical potential, E, with respect to a 

reference electrode. The key component of the ISE is the ion-selective membrane, which 

is in direct contact with the sample. Any change in the measured potential (that is, E) is the 

direct result of a change in the phase boundary potential, ∆ΦPB, at the interface of the 

sample and the ion-selective membrane. The latter is given as follows for a PFOS-selective 

electrode as 

∆ΦPB = Φ
o – R𝑇𝑇

𝑧𝑧F
 ln (aPFOS,sample / aPFOS,mem) (1) 

where R is the ideal gas constant, T is the temperature, F is Faraday’s constant, Φ
o is a 

constant that depends on PFOS and the nature of the PFOS-selective membrane, z is the 

charge of PFOS, and aPFOS,sample and aPFOS,mem are the activities of PFOS within the sample 

and the membrane phase, respectively. Under conditions in which aPFOS,mem does not 

depend on aPFOS,sample, eqn 1 can be simplified to:  
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∆ΦPB = ∆Φo’ – R𝑇𝑇
𝑧𝑧F

 ln aPFOS,sample (2) 

which shows that the measured potential depends linearly on the logarithm of the activity 

of PFOS within the sample. The essence of making a good PFOS-selective electrode is, 

therefore, (i) to choose a membrane material that permits selective transfer of PFOS into 

the ISE membrane, and (ii) to make aPFOS,mem independent of the sample. The latter is 

typically achieved by inclusion into the membrane matrix of strongly hydrophobic cations 

(commonly referred to as cationic sites).  

For the work presented here, PFOS-selective membranes were doped with the 

fluorophilic salt 3. Prior to their first use for measurements in samples of interest, the 

membranes were immersed into a KPFOS solution, resulting in the transfer of PFOS into 

the fluorous sensing membrane in exchange for iodide transferring from the membrane into 

the aqueous phase. This process is referred to as conditioning and has to be performed with 

every new electrode. Conditioning loads the bulk of the PFOS-selective membrane with a 

constant concentration of PFOS that equals the concentration of fluorophilic cations. When 

the PFOS-selective electrode is subsequently immersed into samples that contain different 

concentrations of PFOS, this does not affect the composition of the membrane bulk, but it 

affects ion concentrations in the nanometer-thin charge separation layer at the interface of 

the sample and the PFOS-selective membrane (see Figure 2). The charge separation at this 

interface is the cause of the phase boundary potential, ∆ΦPB. Interested readers are referred 

to tutorials and reviews on ISEs.12-14  
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Figure 2. Illustration of the charge separation and phase boundary potential, ∆Φ PB, at the 

interface of a PFOS-selective membrane and an aqueous sample solution. R+ represents 

fluorophilic cationic sites confined to the sensing membrane. 

Binding of PFOS to Polyquaternium Polymers and Sensor Response Model 

Binding models that describe 1:1 binding of surfactants to the individual charged 

repeat units of polyions were reported previously.259-260, 262 Here, we present a new method 

to interpret potentiometric data for surfactant binding to the charged repeat unit of polyions 

by combining the 1:1 binding model with the ISE response model presented in the prior 

section. This allows for straightforward prediction and fitting of experimental 

potentiometric data in one step, avoiding more cumbersome initial calculations of bound 

and free concentrations of the surfactant ion, followed by fitting of binding isotherms, as 

previously suggested.259, 265 This streamlined approach is described in the following for 

PFOS as the species detected selectively by the ISEs.  

Binding of PFOS to the charged units of the polyquaternium polymers in a 1:1 

stoichiometry is described by the following reaction: 

[PFOS]free + [R]free  [PFOS·R] (3) 

where [PFOS]free is the concentration of free PFOS within the sample solution, [R]free is the 

concentration of free charged polymer repeat units, and [PFOS·R] represents a section of 
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the polymer with a bound PFOS molecule. This equilibrium is characterized by the binding 

constant, K: 

K = [PFOS·R] / ([PFOS]free [R]free) (4) 

In order to relate K to experimental data, the terms [PFOS]free and [R]free must be 

replaced with known parameters or experimental observables, i.e., the total PFOS 

concentration, [PFOS]total, and the total concentration of free charged polymer repeat units, 

[R]total. As shown in the Supporting Information, solving the combination of eqns 3 and 4 

gives [PFOS]free as follows: 

[PFOS]free=(−1 + 𝐾𝐾 [PFOS]total − 𝐾𝐾[R]total + �4 𝐾𝐾 [PFOS]total + (1 − 𝐾𝐾 [PFOS]total + 𝐾𝐾 [R]total)2)/

(2 𝐾𝐾) (5) 

Eqn 5 describes [PFOS]free in a system where [PFOS]total and [R]total can be experimentally 

controlled, leaving only the binding constant, K, as a variable.  

As it follows from eq 2, the response of an ISE for PFOS in its working range is given as12 

E = Eo + R𝑇𝑇
𝑧𝑧F

 ln aPFOS (6) 

where Eo
 is the standard potential of the electrochemical cell (including contributions from 

the reference electrode and the liquid junction between the reference electrode and the 

sample).6, 22 For the experiments described below, the ionic strength is dominated by the 

10 mM NaHCO3 used to simulate groundwater, allowing us to simplify eqn 6 by assuming 

a constant activity coefficient for PFOS, which can, therefore, be combined with Eo into a 

new constant Eo’: 

E = Eo’ + R𝑇𝑇
𝑧𝑧F

 ln[PFOS]free (7) 

Finally, insertion of the right-hand side of eqn 5 for [PFOS]free into eqn 7 gives 
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E = Eo’ + R𝑇𝑇
𝑧𝑧F

 ln (
−1+𝐾𝐾 [PFOS]total−K[R]total+�4 𝐾𝐾 [PFOS]total+(1−𝐾𝐾 [PFOS]total+𝐾𝐾 [R]total)2

2 𝐾𝐾
) (8) 

Equation 8 shows that, for a given [R]total, the stronger PFOS binds to the polymer, 

the lower the PFOS concentration that is detected, and, because of the negative charge of 

PFOS (z = –1), the higher E becomes. For a fixed total concentration of PFOS, eqn 5 

predicts that the concentration of [PFOS]free decreases continuously as the concentration of 

[R]total increases, and eqn 8 shows that E increases (see Figure S5).  

However, the fluorous ISEs used for this work have a lower limit of detection (i.e., 

the lowest concentration that can be detected) that is determined by very small fluxes of 

KPFOS from the inner filling solution across the sensing membrane into the sample 

solution, locally contaminating samples at their interface to the sensing membrane of the 

ISE with PFOS.266 This prevents E from increasing without end, as it is predicted by eqn 

8,175 and it results in a lower limit of detection for PFOS that is determined by the KPFOS 

flux and therefore, unaffected by (i) the concentration and/or pH of the bicarbonate buffer 

used and (ii) the amount of HCl used to adjust the pH. To account for this quantitatively, 

it is also important to recognize that the ISE’s limit of detection is lowered (i.e., improved) 

when polyquaternium polymer is added to the aqueous sample. This can be explained by 

binding of this polyquaternium polymer to the PFOS that is leaching continuously at very 

low concentrations out of the sensing membrane into the sample (referred to here as 

[PFOS]limit). In order to account for this in the fitting model, an additional term, [PFOS]limit, 

is added to eqn 8, giving: 

E = Eo’ + 
R𝑇𝑇
𝑧𝑧F

 ln ([PFOS]limit + −1+𝐾𝐾 [PFOS]total−K[R]total+�4 𝐾𝐾 [PFOS]total+(1−𝐾𝐾 [PFOS]total+𝐾𝐾 [R]total)2

2 𝐾𝐾
) (9) 

ISE response curves as predicted using eqn 9 are presented in Figure 3. 
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Figure 3. Predicted measured potential, E, versus the logarithm of the total 

polyquaternium polymer concentration. Black, blue, and red traces are predicted for 

[PFOS]total = 41.6 μM, Eo’ = –63.8 mV, [PFOS]limit = 6 μM, and the values of 104, 105, 

and 5 × 105 M–1, of the binding constants, K, as indicated in the figure. Note that the 

numerical values for the former 3 parameters were obtained from fits of data shown in 

Figure 4. 

 As Figure 3 shows, the ISE’s response at low polyquaternium polymer 

concentrations is unaffected by the inclusion of [PFOS]limit. However, at high 

polyquaternium polymer concentrations (i.e., low concentrations of PFOS in the bulk of 

the aqueous sample), E does not continue to increase continuously, as predicted by eqn 8 

and shown in Figure S5. The plateau at high polymer concentrations is the result of the 

limit of detection of the PFOS ISE. Eqn 9 was used to fit all experimental data discussed 

in the following. 
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RESULTS AND DISCUSSION 

Equilibrium Constants for Binding of PFOS to Polyquaternium Polymers in Absence 

of Soil 

Data collected during additions of KPFOS to 10 mM sodium bicarbonate solutions 

was used to experimentally determine the standard potential, Eo’ (Figure 4). 

 

Figure 4. E values measured during the addition of KPFOS to a 10 mM NaHCO3 

solution (×) and a fit (solid line) based on the Nikolskii-Eisenman equation267 (see 

Supporting Information for more details). 

The highest concentration of PFOS used for sensor calibrations was limited by the 

concentration of the PFOS solution used for these additions, which was kept below the 

solubility limit of PFOS (1.3 mM).9 Polyquaternium polymer was then added to the sample 

solution, which caused E to increase as [PFOS]free decreased. Figure 5 shows data 

characteristic of the addition of poly(dimethylamine-co-epichlorohydrin) and 

poly(diallyldimethylammonium) to PFOS-containing solutions. The experimental data 

exhibits the same trend as predicted by eqn 9 and Figure 3, where E rises with increasing 
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polyquaternium polymer concentrations. For clarity, data for two fits of polyquaternium 

polymer additions to a solution of constant [PFOS]total are presented. (For a more 

comprehensive set of data, see Figures S6 and S7.) 

 

Figure 5. E values measured during the addition of poly(diallyldimethylammonium) 

(black ×) or poly(dimethylamine-co-epichlorohydrin) (blue circles) to a 25.4 μM KPFOS 

solutions (10 mM NaHCO3, pH = 7). The black and dashed blue lines represent fits of the 

experimental data fitted based on eqn 9. 

Data for addition of either poly(diallyldimethylammonium) or 

poly(dimethylamine-co-epichlorohydrin) into solutions of constant [PFOS]total were 

collected with three separate ISEs. Equilibrium constants for binding of PFOS to 

poly(diallyldimethylammonium) chloride and poly(dimethylamine-co-epichlorohydrin) 

were calculated to be 2.7 ± 0.6 × 105 M-1 and 6.4 ± 0.7 × 105 M-1, respectively (95% 

confidence intervals). A similar equilibrium constant for binding of the longer but 

nonfluorinated molecule 1-decylsulfonate to poly(L-lysine)259 at neutral pH was reported 

to be 2 × 105 M-1. Equilibrium constants for PFOS binding to solid surfaces such as 
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powdered multiwalled carbon nanotubes268 and alumina269 measured using LC-MS 

techniques have been reported as 2.9 × 106 M-1 and 3.1 × 107 M-1, respectively. In addition, 

these techniques report adsorption capacities of 5.2 × 10-3 g PFOS/g multiwalled carbon 

nanotubes and 2.2 × 10-5 g PFOS/g alumina, respectively. For comparison, the binding of 

one PFOS molecule to each polymer repeat unit results in 3.08 g PFOS/g 

poly(diallyldimethylammonium) and 3.63 g PFOS/g poly(dimethylamine-co-

epichlorohydrin). In view of environmental remediation, the applicability of 

polyquaternium polymers as solutions and the high mass efficiency in the use of 

polyquaternium polymers as compared to other adsorbents may be advantageous. 

Effect of Soil on Systems Containing Polyquaternium and PFOS 

In order to more closely simulate environmental conditions that are relevant to 

PFOS sequestration from an environmentally relevant sample, soil from Tinker Air Force 

Base was first equilibrated for one week with polyquaternium polymers in an aqueous 

solution that contained 10 mM NaHCO3 (adjusted to pH=7). Then, the blend of soil and 

polymer was added (by stepwise addition from an aqueous mixture) to buffered solutions 

that contained PFOS. For the interpretation of such an experiment, in addition to PFOS 

binding to the polymer (eqn 3), three additional equilibria were initially considered to either 

directly or indirectly affect the concentration of freely dissolved PFOS (i.e., PFOS bound 

neither to soil nor polymer): 

[PFOS]free + [Soil]  [Soil·PFOS] (10) 

[R]free + [Soil]  [Soil·R] (11) 

[Soil·R] + [PFOS]free  [Soil·R·PFOS] (12) 
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 While PFOS is known to bind certain types of soil,270 we found that, in the absence 

of polyquaternium polymers, PFOS does not bind to soil from Tinker Air Force Base when 

buffered soil mixtures were added into solutions with [PFOS]total = 0.35 mM, resulting in 

soil concentrations as high as 14.7 g soil/L (Table S1). Measured E values during the 

addition of soil remained constant within ±1 mV, indicating that even at the high 

concentration of [PFOS]total, which should promote binding, [PFOS]free did not change. 

Would PFOS binding to soil have been observed, the equilibrium described by eqn. 10 

could have been studied in detail using the presented technique. However, for this work, 

there was no need to consider this additional equilibrium reaction. Therefore, equilibrium 

constants for binding of PFOS to polyquaternium polymers in the absence of soil (eqn 3) 

were determined quantitatively as discussed in the previous section considering only the 

equilibria described by eqns 11 and 12. Binding of polyquaternium polymers to soil (eqn 

11) from Tinker Air Force Base has been studied in detail in a previous study for the same 

conditions used here.255 This binding leads to a reduction of the concentration of the 

polymer in solution. However, soil-bound polymer still binds PFOS (eqn 12), although 

with an affinity expected to be different from that of the dissolved polymer.  

Experimental data for PFOS binding to polymer/soil mixtures as a function of the 

polymer concentration are shown in Figures 6, S8, and S9, along with sensor responses 

predicted using the binding constants determined for soil-free conditions. 
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Figure 6. Evidence for polymer binding to soil: Experimental E values collected during 

the addition of a poly(diallyldimethylammonium)/soil mixture (black ×) or a 

poly(dimethylamine-co-epichlorohydrin)/soil mixture (blue circles) to a 300 μM KPFOS 

solutions (10 mM NaHCO3, pH = 7). The solid black and dashed blue lines are 

predictions for PFOS binding to the polymer if soil were absent (K = 2.7 × 105 M-1 and 

6.4 × 105 M-1, respectively). 

For each polyquaternium polymer, the concentration of polymer required to bind a 

given amount of PFOS increased as a result of the presence of soil. In addition, in the plots 

of log10[PFOS]free versus log10[R]total, the onset of binding at [R]total ≈ 10–3.5 M is 

characterized by a smaller slope (more pronounced for poly(dimethylamine-co-

epichlorohydrin)), indicating reduced binding constants of PFOS to the polycationic 

polymer (see Figure 3). Moreover, the onset of the binding region moved to higher polymer 

concentrations (i.e., log10[R]total), resulting in a shift of the entire response to the right (see 

Figure S10 for further illustration). 
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In order to fit the experimental data, we used previously reported255-256 information 

about binding of polyquaterniums polymers to the same Tinker Air Force Base soil samples 

as used in this study. Specifically, it was known from that work that 97.9% and 98.5% of 

poly(diallyldimethylammonium) chloride and poly(dimethylamine-co-epichlorohydrin), 

respectively, are bound to this type of soil at the same concentrations we used in this study. 

With the vast majority of each polymer bound to soil, and considering the equilibrium 

constants for PFOS binding to the polycationic polymers determined for soil-free 

conditions, it follows that the concentration of charged repeat units free in solution is not 

large enough to bind a significant amount of PFOS (< 2% of the total PFOS bound) for the 

concentration range of log10[R]total shown in Figure 6. Therefore, it can be concluded that 

PFOS binds predominantly to soil-bound polymer, resulting in soil/polymer/PFOS 

aggregates. Experimental data was fitted to eqn 9 using the concentration of charged repeat 

units bound to soil, i.e., 97.9% or 98.5% of the total concentration of 

poly(diallyldimethylammonium) chloride and poly(dimethylamine-co-epichlorohydrin), 

respectively. Data and fits characteristic of this binding are presented in Figure 7 (for full 

sets of data, see Figures S11 and S12). Equilibrium constants for binding of PFOS to soil-

bound poly(diallyldimethylammonium) chloride and poly(dimethylamine-co-

epichlorohydrin) were determined to be 9.3 ± 0.6 × 104 and 7.3 ± 1.2 × 104 M-1, respectively 

(95% confidence intervals). For comparison, binding constants, measured by LC-MS, of 

PFOS to sand-bound poly(diallyldimethylammonium) chloride and poly(dimethylamine-

co-epichlorohydrin) were reported to be an order of magnitude weaker, with K = 3.1 × 103 

and 1.6 × 103, respectively.255 (The affinity of the polyquaternium polymer to sand was 

stronger than its affinity for soil from Tinker Air Force Base.) 
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Figure 7. E values measured during the addition of soil-bound 

poly(diallyldimethylammonium) (black ×) or poly(dimethylamine-co-epichlorohydrin) 

(blue circles) to a 300 μM KPFOS solutions (10 mM NaHCO3, pH = 7). The black and 

dashed blue lines represent fits of the experimental data fitted based on equation 9. 

 In the presence of soil, binding constants decreased 3-fold and 9-fold for 

poly(diallyldimethylammonium) chloride and poly(dimethylamine-co-epichlorohydrin) 

respectively, as compared to the corresponding soil-free systems. While these binding 

constants are noticeably reduced, the PFOS that is bound to polymer is retained on soil 

particles, is no longer mobile, and can be employed to contain groundwater contaminant 

plumes. Importantly, the thus determined binding constants can be used to model 

quantitatively real-life sequestration of PFOS. 

Prediction of the Effect of Polyquaternium Polymer Concentrations on the Efficiency 

of PFOS Sequestration 

The equilibrium constants determined for PFOS binding to 

poly(diallyldimethylammonium) chloride and poly(dimethylamine-co-epichlorohydrin) in 
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soil-containing samples can also be used to determine the concentrations of 

polyquaternium polymers needed to bind a targeted fraction of PFOS. To illustrate this 

graphically, a 3-dimensional plot is presented in Figure 8. 

 

Figure 8. 3-Dimensional plot showing the fraction of sequestered PFOS as a function of 

the total soil-bound polymer and total PFOS concentrations (calculated for K = 9.3 × 104 

M-1), where log10[polycation]total is the concentration of poly(diallyldimethylammonium) 

in g/L. 

As Figure 8 illustrates, the fraction of PFOS bound to the polycationic polymer in 

a given system strongly depends both on [PFOS]total and the total polymer concentration. 

As the concentration of PFOS increases, an increasing amount of polyquaternium polymer 

must be added to ensure near complete binding of PFOS to soil (Table S2). As the desired 

fraction of bound PFOS increases, there is diminishing returns for any additional polymer 

added to the system. The bound fraction of PFOS, as illustrated in Figure 8, is important 

because it illustrates the effectiveness of PFOS removal from the environment. However, 

the concentration of PFOS that remains freely dissolved in solution is also important, as it 

provides the final outcome on whether the purified water has been successfully 

decontaminated. For example, an increase form 99% to 99.9% of PFOS removed from 
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solution represents only a small change in fraction bound, but it corresponds to a very large 

change in free PFOS concentration that is difficult to visualize with an illustration as Figure 

8. Therefore, the data of Figure 8 is replotted in Figure 9 to show the concentration of PFOS 

that goes unbound based on the concentrations of [PFOS]total, and [R]total (see Figure S13 

for poly(dimethylamine-co-epichlorohydrin) data). Here, a logarithmic y-axis allows for 

intuitive visualization of the concentration of PFOS that is not bound to the polymer–soil 

blend, which is the portion of PFOS that will not be sequestered from the aqueous phase. 

 

Figure 9. Plot showing the concentration of unbound PFOS versus the total amount of 

PFOS in a system. The dashed black line shows the EPA health advisory PFOS level 

(log10[1.86 pM] = -11.7).9 The solid line in black stands for a system without polymer. 

All other lines are labeled with the concentration (in g/L) of the soil-bound 

poly(diallyldimethylammonium) polymer. Colored diamonds refer to data from Figures 7 

and S11.  
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The concentrations of unbound PFOS from Figure 9 can be directly compared to 

the recommended EPA health advisory level of 70 parts per trillion (ppt), which 

corresponds to 1 ng/L or 1.86 pM. The input concentration of polyquaternium polymer 

bound to soil can be adjusted in order to achieve the maximum allowable free concentration 

of PFOS (log10[1.86 pM] = -11.7). At a contaminant concentration in groundwater that is 

typical in view of EPA data (≈ 0.1 nM),9 a charged repeat unit concentration of 1 mM 

lowers the free PFOS concentration to <0.1 nM (Figure 9), which is below the health 

advisory level. This 1 mM concentration of charged repeat units corresponds to a 

concentration of 0.16 g/L of poly(diallyldimethylammonium) polymer (which in the 

absence of soil is miscible with water at any concentration but will bind to soil, as discussed 

above). Concentrations above this range could be used to provide a permeable absorptive 

barrier that has a sufficiently high effective capacity to keep the PFOS concentration low 

over extended periods of time. 

CONCLUSIONS 

In summary, the equilibrium constants for PFOS binding to the polyquaternium 

polymers poly(diallyldimethylammonium) chloride and poly(dimethylamine-co-

epichlorohydrin) were determined in absence and presence of soil using fluorous-phase 

ISEs. These sensors were fabricated using a semi-fluorinated imidazolium cation as an 

anion-exchanger specifically developed for this purpose. Binding constants can be 

determined directly by fitting emf data obtained when adding polyquaternium polymers to 

solutions of PFOS, which streamlines the data interpretation reported in prior work. Even 

though the affinity of the polyquaternium polymers for PFOS was decreased by the 

presence of soil, PFOS was still bound with affinities of 9.3 ± 0.6 × 104 and 7.3 ± 1.2 × 104 
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M-1 for poly(diallyldimethylammonium) chloride and poly(dimethylamine-co-

epichlorohydrin), respectively. These quantitative data can be used to predict the 

concentrations of polyquaternium polymers required to reduce the concentration of 

unbound PFOS. Specifically, PFOS concentrations can be reduced below the EPA health 

advisory level of 0.1 nM using poly(diallyldimethylammonium) chloride concentrations as 

low as 0.16 g/L. 

EXPERIMENTAL 

Materials 

Potassium perfluorooctyl-1-sulfonate (KPFOS) and imidazole were purchased 

from Alfa Aesar, KCl, NaHCO3, 1H,1H,2H,2H-perfluoro-7-methyloctyl iodide, 

perfluoroperhydrophenanthrene, and 1 M HCl from Sigma Aldrich, and 

poly(diallyldimethylammonium) chloride and poly(dimethylamine-co-epichlorohydrin) 

from Accepta (Manchester, UK). All materials were used as received. Polypropylene 

volumetric flasks and beakers (purchased from BRAND, Wertheim, Germany) were used 

to reduce PFOS adsorption to container surfaces.18  

Preparation of PFOS-Selective Membranes 

PFOS-selective membranes were prepared to contain 1.0 mM of the anion 

exchanger salt 1,3-di(1H,1H,2H,2H-perfluoro-7-methyloctyl)imidazolium iodide (3; to 

provide permselectivity)12 and 10 mM of the fluorophilic electrolyte 1,3-di(1H,1H,2H,2H-

perfluoro-7-methyloctyl)imidazolium tetrakis[3,5-bis(perfluorooctyl)phenyl]borate (4; to 

reduce membrane resistance)170, 271 in perfluoroperhydrophenanthrene as the inert fluorous 

membrane matrix (see Figure 10). The syntheses of 3 and 4 and the preparation of the 

fluorous-phase PFOS-selective electrodes are described in the Supporting Information. 
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Figure 10. Chemical structures of the fluorophilic salts used for the development of 

PFOS-selective electrodes used in this work. Compound 3 imparts permselectivity and 

compound 4 reduces electrical resistance. 

Polyquaternium Polymer Additions to Solutions of Constant Total PFOS 

Concentrations 

After equilibration of the ISEs with pH buffered PFOS solutions (as described in 

the Supporting Information), the electrodes were rinsed and placed in a solution containing 

only 10.0 mM NaHCO3 (pH=7.0, adjusted with 1.0 M HCl). Potentials were monitored 

until they were stable (≈20 min). Then, the concentration of PFOS was increased stepwise 

to 25.4 μM by small additions (log[PFOS]≈0.3) of a concentrated KPFOS solution 

(0.735 mM), while monitoring the potential after each addition. Once the concentration of 

25.4 μM KPFOS was reached, poly(diallyldimethylammonium) chloride or 

poly(dimethylamine-co-epichlorohydrin) was added stepwise, increasing the concentration 
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of the polymer in increments of log[polymer]≈0.3. The measured electrical potential was 

allowed to stabilize after each addition (≈ 5 min). 

Potential readings as a function of the PFOS concentration were fitted with the 

Nernst equation. These fits were used to determine the standard cell potential and the limit 

of detection of the sensor, which was likely determined by a transmembrane flux of KPFOS 

from the inner filling solution of the electrode through the membrane into the sample. 

These values were then used as constants when fitting data measured during the addition 

of polyquaternium polymer. A detailed description of the fitting process is included in the 

Results and Discussion. 

Soil Preparation 

Soil was obtained from Tinker Air Force Base, a Department of Defense Facility 

located in the South Central U.S.A. (Oklahoma City, OK). Located within the Central Red-

bed Plains of the Central Lowland Physiographic Province, Tinker Air Force Base soil is 

colored red by ferric anhydride. Soil oven-dried overnight at 100 ºC was sieved to a 40–50 

mesh size range (i.e., 0.420–0.297 mm) to ensure media homogeneity. Pre-existing PFAS 

contamination of the soil was evaluated by mixing 5 g of soil with 20 mL of methanol for 

72 h in a centrifuge tube. After centrifugation for 15 min, the methanol supernatant was 

decanted and analyzed with HPLC/MS for PFAS content, but none was detected.  

Polyquaternium Polymer/Soil Additions to Solutions of Constant Total PFOS 

Concentrations 

Solutions of a polyquaternium polymer and Tinker Air Force Base soil were 

prepared by mixing 100 mL of 10 mM NaHCO3 (pH = 7), 25 g of Tinker soil, and 2.277 

g/L of poly(diallyldimethylammonium) chloride or 2.274 g/L of poly(dimethylamine-co-
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epichlorohydrin), respectively. Polyquaternium/soil mixtures were stirred for one week 

prior to use to ensure equilibrium binding. In addition, mixtures not containing a 

polyquaterniums polymer were prepared. The volume displaced by the addition on 25 g of 

Tinker Air Force Base soil to 100 mL of water was measured to be 9.8 mL. This displaced 

volume was corrected for when adding well-mixed polyquaternium/soil mixtures to PFOS-

containing solutions.  
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SUPPORTING INFORMATION 

Experimental Methods 

Synthesis of 1,3-Di(1H,1H,2H,2H-perfluoro-7-methyloctyl)imidazolium Iodide 

One equivalent of 1H,1H,2H,2H-perfluoro-7-methyloctyl iodide was added to 3 

equivalents of imidazole in ethyl acetate, and the reaction mixture was heated under argon 

at 77 °C (boiling point of ethyl acetate) for 48 h (Figure S1). The cooled reaction mixture 

was then extracted with 1 M NaCO3, followed by three washes with deionized water to 

remove the unreacted imidazole. The organic phase was dried with Na2SO4 and the solvent 

evaporated under reduced pressure, resulting in the mono-substituted imidazole. The crude 

mono-substituted imidazole was dissolved in toluene, and 1.2 equivalents of 

1H,1H,2H,2H-perfluoro-7-methyloctyl iodide was added. The reaction mixture was stirred 
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and heated to boiling for 48 h. The disubstituted product precipitated from the reaction 

mixture and was collected by filtration. The product was washed with cold toluene (≈0 °C) 

and then dried under vacuum at room temperature. Its structure was confirmed by 1H NMR 

and mass spectrometry. 1H NMR: Rf7CH2 (3.1 ppm, 4H, m), CH2CH2 (4.9 ppm, 4H, t), 

NCHN (9.8 ppm, 1H, s), and NCHC (8.1 ppm, 2H, d). The exact mass as measured with a 

Bruker BioTOF II ESI/TOF-MS was 861.0421, which matches the expected value of 

861.0443.  
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Figure S1. Reaction scheme for the synthesis of the fluorophilic imidazolium iodide. 

Synthesis of 1,3-Di(1H,1H,2H,2H-perfluoro-7-methyloctyl)imidazolium Tetrakis[3,5-

bis(perfluorooctyl)phenyl]borate 

Sodium tetrakis[3,5-bis(perfluorooctyl)phenyl]borate was synthesized as reported 

previously.219 1,3-Di(1H,1H,2H,2H-perfluoro-7-methyloctyl)imidazolium tetrakis[3,5-

bis(perfluorooctyl)phenyl]borate was synthesized by metathesis from 1,3-

di(1H,1H,2H,2H-perfluoro-7-methyloctyl)imidazolium iodide and sodium tetrakis[3,5-

bis(perfluorooctyl)phenyl]borate. One equivalent of each salt was dissolved in 

perfluorohexanes. The mixture was extracted three times with water, and the 

perfluorohexane portion was collected and dried with MgSO4. The solvent was removed 

by evaporation and the product dried under reduced pressure for 48 h, resulting in a wax-
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like colorless solid. Its structure was confirmed by 1H NMR spectroscopy (perfluorohexane 

with a D2O capillary). 1H NMR: 1,3-Di(1H,1H,2H,2H-perfluoro-7-

methyloctyl)imidazolium [Rf7CH2 (2.37 ppm, 4H, t), CH2CH2 (3.91 ppm, 4H, t), NCHN 

(7.42 ppm, 1H, s), and NCHC (6.68 ppm, 2H, d)] and tetrakis[3,5-

bis(perfluorooctyl)phenyl]borate [Rf6CCHCRf6 (7.64 ppm, 4H, s) and Rf6CCHCCHCRf6 

(7.73 ppm, 8H, s)]. This solid was used directly for the preparation of ion-selective 

membranes. 

Preparation of PFOS-Selective Membranes 

Fluoropore membrane filters (polytetrafluoroethylene, 0.45 um pore size, 50 um 

thick, 85% porosity) were cut with a 19 mm O.D. circular punch. The cut filters were 

mounted onto custom poly(chlorotrifluoroethylene) electrode bodies sandwiched between 

two Viton washers (Figure S2). The filter disk was filled with 40 μL of the membrane 

solution (which turned opaque as a result of the liquid addition), and the electrode was 

assembled. The membrane was contacted on the top by an inner filling solution composed 

of 15 μM KCl and 10 μM potassium perfluorooctyl-1-sulfonate (KPFOS), and the inner 

compartment of the electrode body and was sealed with a rubber septum. A AgCl coated 

Ag wire was inserted through the septum to contact the inner filling solution. 

Electrodes were placed so that the outer surface of the membrane was in contact with a 

stirred solution of 10 mM NaHCO3 (pH=7.0, adjusted with 1.0 M HCl) and 50 μM KPFOS. 

The membranes were allowed to equilibrate for two days. For further information on the 

buffer preparation, see page S7. 
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Figure S2. Schematic of custom-made poly(chlorotrifluoroethylene) electrode bodies; 

design of the electrode bodies by Xin V. Chen. 

Potentiometric Measurements 

Potential measurements were performed using a Lawson Labs EMF 16 channel 

potentiometer (Malvern, PA) controlled by EMF Suite 1.02 software. All measurements 

were performed in stirred solutions at room temperature (23 ± 2 °C). Potentials were 

measured relative to a Mettler Toledo DX200 free-flowing double junction (with a 1.0 M 

LiOAc bridge electrolyte and AgCl saturated 3.0 M KCl inner reference electrolyte).5 A 

Hanna Instruments pH glass electrode was used to monitor pH. Calibration of the pH 

electrode was carried out using buffered solutions of pH 10, 7, and 4. A schematic of the 

experimental setup is pictured in Figure S3. 
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Figure S3. Experimental setup used for the measurement of binding of PFOS to 

polyquaternium polymers. 

Nikolskii-Eisenman Equation 

The Nikolskii-Eisenman equation describes the response of an ion-selective 

electrode that also includes selectivity against an interfering ion (j) as follows: 

E = Eo + R𝑇𝑇
𝑧𝑧F

 ln (aPFOS + KPFOS/j aj
1/zj) (S1) 

where KPFOS/j is the selectivity coefficient of the ion-selective electrode for PFOS over ion 

j, aj is the activity of ion j, and zj is the charge of ion j. For the PFOS-selective electrodes 

described here, the limit of detection, [PFOS]limit, in not caused by interfering ions, but it 

is determined by KPFOS flux from the inner filling solution to the sample solution. 

Therefore, eqn. S1 can be simplified by substituting the concentration for activity and 

PFOS for ion j (resulting in KPFOS/PFOS = 1): 

E = Eo + R𝑇𝑇
𝑧𝑧F

 ln ([PFOS] + [PFOS]limit) (S2) 

Eqn. S2 was used for all fits of data when polycations and soil were absent. [PFOS]limit was 

determined to be 4.6 ± 1.5 μM (95% confidence interval). 
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Calculation of the Free Concentration of PFOS in a System Containing 

Polyquaternium Polymers 

Continuing the derivation from eqns 3 and 4, it follows that formation of [PFOS·R] 

causes a decrease of [R]free: 

[R]free = [R]total – [PFOS·R] (S3) 

Replacing [R]free in eqn 4 with the right hand side of eqn S3 and solving the resulting 

equation for [PFOS]free gives: 

[PFOS]free = [PFOS·R] / [K ([R]total – [PFOS·R])] (S4) 

Furthermore, [PFOS·R] can be related to [PFOS]free since formation of [PFOS·R] leads to 

the reduction of [PFOS]free: 

[PFOS·R] = [PFOS]total – [PFOS]free (S5) 

Insertion of the right hand side of eqn S5 for [PFOS·R] into eqn S4 gives 

[PFOS]free = ([PFOS]total – [PFOS]free)/ [K ([R]total – [PFOS]total + [PFOS]free)] (S6) 

Solving eqn S6 for [PFOS]free using the quadratic formula gives only one physically 

meaningful solution: 

[PFOS]free = 

(−1 + 𝐾𝐾 [PFOS]total − 𝐾𝐾[R]total + �4 𝐾𝐾 [PFOS]total + (1 − 𝐾𝐾 [PFOS]total + 𝐾𝐾 [R]total)2)/

(2 𝐾𝐾) (S7) 

Eqn S7 is identical with eqn (5) of the main manuscript. 
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Average Concentration of Charged Repeat Units within a Polyquaternium Polymer 

Chain 

In order to determine the concentration of binding sites of each polycationic 

polymer, the effective charged repeat unit concentration was calculated for both 

poly(diallyldimethylammonium) chloride (MW = 340,000; repeat unit MW = 161.67) and 

poly(dimethylamine-co-epichlorohydrin); (MW = 240,000; repeat unit MW = 137.61) 

based on the molecular weight and repeat unit molecular weight. 

NaHCO3 as a Buffer 

Due to the environmental relevance of bicarbonate solutions, 10.0 mM NaHCO3 

was adjusted to pH=7.0 with 1.0 M HCl and was used as the buffer for all experiments. 

When storing solutions of this composition in stirred open beakers with direct exposure to 

the ambient atmosphere and monitoring the pH with a pH glass electrode, it was observed 

that over 50 hours the pH (initially adjusted to 7) increased by 2 pH units (Figure S4). 

 

Figure S4. pH of a 10 mM NaHCO3 solution after adjustment to pH=7. pH was 

measured using a pH glass electrode relative to a free-flowing double junction reference 

electrode. 

However, this pH change did not have an effect on the PFOS measurements, which is 

consistent with the lack of any effect of carbonate or bicarbonate on the limit of detection 
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of the electrode. However, changes in pH alter the total ionic strength of these solutions. 

We conclude that bicarbonate solutions of pH 7 may represent environmental samples well, 

but are not good pH buffers or good ionic strength buffers in a strict sense. 

 

 
Figure S5. Predicted E versus the logarithm of the polycationic polymer concentration, 

expressed in terms of the total concentration of charged polymer repeat units. Solid black, 

dashed blue, and dotted red lines are predicted for K = 5 × 105, 1 × 105, and 1 × 104, 

respectively. For these simulations, values of [PFOS]total and Eo’ were chosen as 41.6 μM 

and –63.8 mV, respectively. 
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Figure S6. E values collected during the stepwise addition of 

poly(diallyldimethylammonium) chloride to a 25.4 μM KPFOS solution (10 mM 

NaHCO3, pH = 7). Black ×, blue diamonds, and green triangles represent experimental 

results for three separate electrodes. Solid black, dashed blue, and dotted green lines 

represents data fitted to eqn 9. 
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Figure S7. E values collected during the stepwise addition of poly(dimethylamine-co-

epichlorohydrin) to a 25.4 μM KPFOS solution (10 mM NaHCO3, pH = 7). Black ×, blue 

diamonds, and green triangles represent experimental results for three separate electrodes. 

Solid black, dashed blue, and dotted green lines represents data fitted to eqn 9. 

 

Table S1. Potential of PFOS selective electrodes in the presence of 0.35 mM PFOS and 

increasing concentrations of Tinker soil. 

PFOS (mM) Tinker Soil (g/L) Electrode 1 (mV) Electrode 2 (mV) Electrode 3 (mV) 
0.35 0.00 157 181 178 
0.35 0.06 158 181 178 
0.35 0.31 158 181 178 
0.35 0.94 158 181 178 
0.35 4.69 159 181 178 
0.35 10.94 159 182 179 
0.35 14.69 159 182 179 
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Figure S8. E values collected during the stepwise addition of 

poly(diallyldimethylammonium) chloride/soil mixture to a 325 μM KPFOS solution (10 

mM NaHCO3, pH = 7). Black ×, blue diamonds, and green squares represent 

experimental data for three separate electrodes. Solid black, dashed blue, and dotted 

green lines represents data fitted to eqn 9 for K = 2.7 × 105 M-1. 

 

Figure S9. E values collected during the stepwise addition of poly(dimethylamine-co-

epichlorohydrin)/soil mixture to a 325 μM KPFOS solution (10 mM NaHCO3, pH = 7). 

Black ×, blue diamonds, and green squares represent data for three separate electrodes. 

Solid black, dashed blue, and dotted green lines represent data fitted to eqn 9 for K = 6.4 

× 105 M-1. 
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Figure S10. Predicted E versus the logarithm of the polycationic polymer concentration, 

expressed in terms of total concentration of charged polymer repeat units. Solid black and 

dashed blue lines are predicted for K = 5 × 105, [PFOS]total = 41.6 μM, and Eo’ = –63.8 

mV. The solid black line is predicted assuming that 100% of the polymer is available for 

binding, and the dashed blue line is based on the assumption that only 10% of the 

polymer is available for binding. 
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Figure S11. E values measured during the stepwise addition of a 

poly(diallyldimethylammonium) chloride/soil mixture to a 350 μM KPFOS solution (10 

mM NaHCO3, pH = 7.0). Black ×, blue diamonds, and green triangles represent 

experimental results for three separate electrodes. Solid black, dashed blue, and dotted 

green lines represent data fits using eqn 9. 
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Figure S12. E values measured during the stepwise addition of a poly(dimethylamine-co-

epichlorohydrin)/soil mixture to a 350 μM KPFOS solution (10 mM NaHCO3, pH = 7.0). 

Black ×, blue diamonds, and green triangles represent experimental results for three 

separate electrodes. Solid black, dashed blue, and dotted green lines represent data fits 

using eqn 9. 
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Figure S13. Plot showing the concentration of unbound PFOS versus the total amount of 

PFOS in a system. The dashed black line shows the EPA health advisory PFOS level 

(log10[1.86 pM] = -11.7). The solid line in black stands for a system without polymer. All 

other lines are labeled with the concentration (in g/L) of the soil-bound 

poly(dimethylamine-co-epichlorohydrin) polymer. Colored diamonds refer to 

experimental data points taken from Figure 8 and S12. 

Table S2. [R]total needed to bind a targeted fraction of PFOS with K = 9.3 × 104 M-1. 

Fraction PFOS Bound [R]total (M) Binding Capacity (mol PFOS bound per 
mol of polymer repeat unit) 

0.5 1.07 × 10-5 4.67 × 10-5 
0.9 9.67 × 10-5 9.31 × 10-6 

0.95 2.04 × 10-4 4.66 × 10-6 
0.99 1.06 × 10-3 9.34 × 10-7 
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CHAPTER 11. Indirect Potentiometric Determination of 

Polyquaternium Polymer Concentrations by Equilibrium Binding to 1-

Dodecyl Sulfate 

Adapted from: 

Indirect Potentiometric Determination of Polyquaternium Polymer Concentrations by 

Equilibrium Binding to 1-Dodecyl Sulfate, Anderson, E. L.;Samaniego, P.; Buhlmann, 

P., Anal. Sci., 2019, 35, 679-684. 

Reproduced by permission of Analytical Sciences. 

Copyright © 2019 Analytical Sciences 

Contribution: 

Pablo Samaniego measured the response of ion-exchanger electrodes to dodecyl sulfate 

and poly(dimethylamine-co-epichlorohydrin). All other measurements of binding and 

analysis were complete by this author. 
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SYNOPSIS 

Polyquaternium polymers are polycationic polymers that are contained in many 

hair shampoos and conditioners and are also often added to water to remove organic and 

inorganic anions by floc formation. While polyquaternium analysis is not trivial, 

electroanalytical methods have been proposed for their detection using either irreversible 

emf responses or reversible potential-driven extraction into and out of polymeric sensing 

membranes. We present here an alternative technique for the determination of a 

representative polyquaternium polymer, poly(dimethylamine-co-epichlorohydrin) 

chloride, by equilibrium binding with a singly charged anionic surfactant, 1-dodecyl 

sulfate. Binding of an anionic surfactant to the polyquaternium polymer simplifies 

electrochemical detection as the concentration of unbound surfactant can be monitored 

using the equilibrium Nernstian emf response of ion-exchanger membranes. The latter can 

be used to determine the nature of the binding interaction and allows for the straightforward 

determination of polyquaternium polymer concentrations by titration. 

INTRODUCTION 

Polyquaternium polymers are comprised of repeat units with positively charged 

ammonium groups. Poly(dimethylamine-co-epichlorohydrin) chloride, which was 

detected in this work (see Fig. 1), is one example. These multiply charged polymers are 

used for a broad variety of applications, including medical studies,272-273 wastewater 

treatment,274 consumer products (up to 3 wt %),275-276 and environmental contaminant 

remediation.249, 255 Due to their widespread use, toxicity studies of these compounds have 

been pursued. Recent findings suggest that common polyquaternium polymers are toxic to 

eastern mosquitofish, with EC50 values of approximately 1 mg L-1.277 These EC50 values 
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are comparable to that of cetylpyridinium chloride, which is known to be toxic to fish, 

invertebrates, algae, and rats.278-279 Moreover, Monte Carlo simulations of the efficiency a 

municipal wastewater treatment plants predict a removal rate of polyquaternium polymers 

commonly contained in cosmetics of less than 25%, which suggests that concentrations 

attained in the environment could be problematic.280 However, analytical protocols to 

measure polyquaternium polymer concentrations in environmental matrices are 

insufficient,280 and only limited data is available on the environmental fate and 

concentrations of these compounds. 

 

Figure 1. Repeat unit structure of poly(dimethylamine-co-epichlorohydrin) chloride. 

Because polyquaternium ions have no distinctive UV-vis or IR absorbing groups 

and show only broad peaks in NMR spectra, they are surprisingly difficult to detect by 

spectroscopy.281 Chromatography of polyquaternium polymers is complicated by the fact 

that commercial products contain polymeric molecules with a range of molecular weights 

and, therefore, different charges. To that end, a variety of electrochemical methods have 

been proposed for the determination of polyquaternium polymer concentrations that can 

also be used for a wide range of other polyions, that is, polymers with multiple negative or 

positive charges. These methods overcome multiple difficulties of measuring polyion 

concentrations electrochemically, which include insensitive Nernstian responses (i.e., 

responses that are Nernstian but low as a result of the polyionic character of the analyte) 

and significant differences in interactions with hydrophobic ions and membrane 

plasticizers, making detection with conventional ion-selective electrodes impossible.282 
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Much of this work was directed initially at the quantification of heparin, a lifesaving 

polyion used to prevent coagulation of blood.283 Meyerhoff and co-workers developed 

methods based on the response of ion-selective electrodes to the multiply charged polymer 

heparin.282, 284 Their initial method relied on the transfer of the polyanion from aqueous 

solutions into plasticized poly(vinyl chloride) (PVC) membranes doped with hydrophobic 

cations, which resulted in a nonequilibrium potential response that could be used to 

determine heparin concentrations. Importantly, this response differed from the typical 

equilibrium phase-boundary potential for monoanions predicted by the Nernst equation,1, 

12, 14 where a Nernstian response to a polyanion results in a response slope of 59 mV per 

decade change in concentration divided by the number of charges on each polyanion, a 

slope too small to experimentally measure for typical polyions. This seminal work was 

followed by the development of a number of related electrochemical methods for the 

detection of heparin and other polyions, including polyquaternium polymers.38-39, 45-47, 281, 

285-288 Timed applied potentials were used to control extraction of protamine from the 

sample solutions into a membrane, and subsequent stripping, resulted in potential changes 

characteristic for the protamine concentration.287-288 This approach could also be applied 

for the indirect detection of heparin by titration with protamine. When the latter is titrated 

into solutions of heparin, protamine binds to heparin and results in continued potential 

changes until an excess of protamine is reached. Indicator ions have also been used to 

signal the endpoint of similar titrations, either with potentiometry or photometry. In this 

case, the polyion of interest is titrated with a polyion of the opposite charge, resulting in a 

large decrease in the concentration of the monovalent indicator ions after the endpoint due 

to binding of those indicator ions to the polyion of opposite charge.38-39, 286 In addition, 
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288olycations concentrations have been indirectly measured by monitoring the 

concentration of free polyanions during binding titrations with both non-reversible and 

reversible techniques.285 Automated systems for polyion detection either by non-

reversible45 or reversible46 techniques have also been described. 

Here we report on the indirect detection of a representative polyquaternium 

polymer, poly(dimethylamine-co-epichlorohydrin) chloride, using an approach that is 

arguably less complicated than previously reported electrochemical methods for polyion 

detection, which we believe offers notable advantages for routine analysis. This technique 

relies on equilibrium binding between the polyquaternium polymer and a hydrophobic 

anionic surfactant, such as 1-dodecyl sulfate (DS). The binding interactions are a 

combination of electrostatic attraction and hydrophobic interactions between the dodecyl 

chains.289 By use of a singly charged anionic surfactant instead of a polyanion to bind the 

polycation285 the concentration of the freely dissolved (not bound) surfactant can be 

directly monitored through the equilibrium Nernstian response of ionophore-free ion-

selective electrodes (ISEs) with plasticized PVC anion-exchange membranes.176, 290 (For a 

definition of ionophore-free ion-exchanger membranes, see ref. 176, p 1595.) This avoids 

nonequilibrium potential responses to the polyquaternium polymer, simplifying the 

analysis.  

Potentiometric monitoring of the addition of a freely dissolved monovalent anionic 

surfactant when this surfactant is added to a polyquaternium polymer solution gives a 

characteristic titration curve that allows the calculation of the polyquaternium polymer 

concentration in the solution in a straightforward manner. For a quantitative analysis, the 

strength of interaction between the anionic surfactant and polyquaternium polymer must 
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be known, though. If not known already, this information can be readily obtained for any 

type of polyquaternium polymer of interest by fitting of the potentiometric titration curve 

obtained when aliquots of polyquaternium calibrant are added into a solution of the 

monovalent anionic surfactant. 

EXPERIMENTAL 

Materials. 

All aqueous solutions were prepared using deionized and charcoal-treated water 

(>18.2 MΩ cm specific resistance) obtained with a Milli-Q PLUS reagent grade water 

system (Millipore, Bedford, MA, USA). High molecular weight poly(vinyl chloride), 2-

nitrophenyl octyl ether, tridodecylmethylammonium chloride, sodium 1-dodecyl sulfate (≥ 

99 %, by titration with benzethonium chloride), 1-octyl sulfate, and tetrahydrofuran 

(anhydrous; inhibitor-free) were purchased from Sigma-Aldrich (St. Louis, MO, USA), 

poly(dimethylamine-co-epichlorohydrin) (MW = 240000; repeat unit MW = 137.6) from 

Accepta (Manchester, UK), and NaCl and Tygon S3 tubing (4.8 mm inner diameter; 7.9 

mm outer diameter) from Fisher Scientific (Waltham, MA, USA). All materials were used 

as received. 

Preparation of Ion-exchanger Membranes. 

Membrane components (200 mg), comprised of 32.5 wt % poly(vinyl chloride), 

65.5 wt % 2-nitrophenyl octyl ether, and 2 wt % tridodecylmethylammonium chloride, 

were dissolved in 1.0 mL of tetrahydrofuran by stirring overnight. The solution was poured 

into a glass dish (30 mm inner diameter), and the tetrahydrofuran was allowed to evaporate 

for one day. Discs (1.0 cm) were cut from the resulting master membrane and glued onto 

Tygon S3 tubing using a plasticized poly(vinyl chloride) glue (66 wt % 2-nitrophenyl octyl 
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ether, and 34 wt % poly(vinyl chloride), dissolved in tetrahydrofuran). The tubing was 

filled with 1.0 mM NaCl and 0.10 mM sodium 1-dodecyl sulfate or 1.0 mM NaCl and 0.10 

mM sodium 1-octyl sulfate and placed in a solution of the same concentration for at least 

one day for conditioning. A AgCl-coated Ag wire was placed in contact with the inner 

solution before measurements. 

Potential Measurements. 

Potentials were measured at room temperature in stirred solutions with an EMF 16 

potentiometer (Lawson Labs, Malvern, PA, USA) controlled with EMF Suite 1.02 

software. All potentials were measured relative to a free-flowing double-junction reference 

electrode with a 3.0 M KCl bridge electrolyte and AgCl-saturated 3.0 M KCl reference 

electrolyte (DX200, Mettler Toledo, Switzerland; flow rate into sample ≈ 1.2 μL/h).5 

Addition of Poly(dimethylamine-co-epichlorohydrin) to Solutions of Constant 

Sodium 1-Dodecyl Sulfate Concentration. 

After ion-exchanger electrode conditioning, the electrodes were placed in 200 mL 

of a solution identical to that of the conditioning solution (1.0 mM NaCl and 0.1.0 mM 

sodium 1-dodecyl sulfate). Then, the sodium 1-dodecyl sulfate concentration was 

decreased by serial dilution with 1.0 mM NaCl to calibrate the electrode response to 1-

dodecyl sulfate. After the lower detection limit was reached, electrodes were again placed 

in solutions containing 1.0 mM NaCl and 0.1.0 mM sodium 1-dodecyl sulfate. 

Poly(dimethylamine-co-epichlorohydrin) was added by the addition of small volumes of a 

stock solution (5.150 g/L) until potentials no longer increased. New electrodes were used 

after each cycle. 
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Addition of Sodium 1-Dodecyl Sulfate to Solutions of Constant Poly(dimethylamine-

co-epichlorohydrin) Concentration 

After ion-exchanger electrode conditioning, the electrodes were placed in 200 mL 

of a solution identical to that of the conditioning solution (1.0 mM NaCl and 0.10 mM 

sodium 1-dodecyl sulfate). Then, the sodium 1-dodecyl sulfate concentration was 

decreased by serial dilution with 1.0 mM NaCl to calibrate the electrode response to 1-

dodecyl sulfate. After the lower detection limit was reached, electrodes were placed in 

solutions containing 1.0 mM NaCl and 12.87 mg /L poly(dimethylamine-co-

epichlorohydrin). Sodium 1-dodecyl sulfate was added by addition of small volumes of a 

stock solution (1.0 mM). New electrodes were used after each cycle. 

RESULTS AND DISCUSSION 

Hydrophobic surfactants useful for the indirect detection of polyquaternium 

polymers as reported in this work must bind to poly(dimethylamine-co-epichlorohydrin) at 

concentrations that fall within the linear response range of the anion-exchange membranes 

used for this purpose. To this end, ionophore-free anion-exchanger electrodes were tested 

for the measurement of 1-dodecysulfate (DS) and 1-octyl sulfate (OS) and provided 

Nernstian responses to both DS and OS. However, in preliminary experiments addition of 

poly(dimethylamine-co-epichlorohydrin) to solutions containing OS did not affect the OS 

concentration. This shows that OS does not bind poly(dimethylamine-co-epichlorohydrin) 
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over the concentration range studied (see Fig. S1, Supporting Information). Consequently, 

all further work was performed with DS and not OS.  

Ion-exchanger Electrode Response to Sodium 1-Dodecyl Sulfate. 

Ionophore-free ion-exchanger electrodes were prepared to respond to the 

concentration of freely dissolved DS (i.e., not bound to polycationic polymer) within 

sample solutions. The response of these electrodes to DS in the presence of chloride is 

given by the Nikolskii-Eisenman equation:12 

E = Eo + R𝑇𝑇
𝑧𝑧F

 ln (aDS + KDS/Cl aCl) (1) 

where E is the measured potential of the electrochemical cell, Eo
 is the standard potential 

of the cell (including contributions from the reference electrode and the liquid junction to 

the sample),6, 22 R is the ideal gas constant, T is the temperature, z is the charge of the 

measured ion, F is Faraday’s constant, aDS is the activity of DS, KDS/Cl is the selectivity 

coefficient for DS over Cl–, and aCl is the activity of chloride. All solutions used in this 

study contained 1.0 mM NaCl to control the ionic strength and activity of chloride. 

Therefore, Eq. (1) can be simplified by assuming the activity coefficient for DS to be a 

constant that can be combined with Eo to give the new constant Eo’: 

E = Eo’ + R𝑇𝑇
𝑧𝑧F

 ln ([DS]free + KDS/Cl aCl) (2) 

The characteristic response to DS is presented in Fig. 2 for three electrodes. The response 

slope and lower limit of detection were –61 ± 1 mV/decade and 10-6.6±0.1 M (95% 

confidence interval; 6 electrodes), respectively, for calibrations of DS. The thus determined 

experimental slopes, intercepts (Eo’), and the product KDS/Cl aCl, were used for the fits of 

all data described in the following sections.  
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Figure 2. Response of ion-exchanger electrodes to DS. Black squares, red circles, and 

blue triangles represent individual electrode responses. 

Binding of 1-Dodecyl Sulfate to Poly(dimethylamine-co-epichlorohydrin). 

The strength of 1-dodecyl sulfate binding to poly(dimethylamine-co-

epichlorohydrin) was determined by monitoring the concentration of freely dissolved DS, 

[DS]free, in a solution of constant total DS concentration upon addition of varying 

concentrations of poly(dimethylamine-co-epichlorohydrin). Binding of DS to the polymer 

can be described by the following equilibrium reaction, 

[DS]free + [R]free  [DS·R] (3) 

where [R]free is the concentration of free charged poly(dimethylamine-co-epichlorohydrin) 

repeat units (where each repeat unit corresponds to one monomer and carries one positive 

charge; see Fig. 1), and [DS·R] represents a repeat unit of the polymer to which a DS 

molecule has bound. The equilibrium binding constant, K, is then given by: 

K = [DS·R] / ([DS]free [R]free) (4) 
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To relate K to the experimental data, the binding equilibrium can be combined with 

experimental observables, as previously reported,291 resulting in the following equation: 

E = Eo’ – R𝑇𝑇
𝑧𝑧F

 ln (𝐾𝐾DS/Cl𝑎𝑎Cl +

−1+𝐾𝐾 [DS]total−K[R]total+�4 𝐾𝐾 [DS]total+(1−𝐾𝐾 [𝐷𝐷𝐷𝐷]total+𝐾𝐾 [R]total)2

2 𝐾𝐾
) (5) 

where [DS]total is the total concentration of DS, and [R]total is the total concentration of 

charged polymer repeat units. 

 

Figure 3. Measured potentials during the addition of poly(dimethylamine-co-

epichlorohydrin) (black squares) to a 1.0 mM DS solution (1.0 mM NaCl background). 

The blue line represents a fit of the experimental data based on Eq. (5). 

  Values of E collected during the addition of poly(dimethylamine-co-

epichlorohydrin) to solutions of constant DS concentrations are presented in Fig. 3 (for a 

full set of data see Figs. S2-S8, Supporting Information). By adding concentrated aliquots 

of the polyquaternium polymer, the concentration of free DS is reduced substantially, 

resulting in large changes in the measured potential, E. Measurements with eight electrodes 
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and fits of the resulting data with eqn 5 were used to characterize the equilibrium constant, 

K, for DS binding to the individual repeat units of poly(dimethylamine-co-

epichlorohydrin), giving K = 6.6 ± 0.6  105 M-1 (95% confidence interval). Data near the 

lower limit of detection for DS (i.e., at higher values of E, where the electrode responds to 

the chloride background) were excluded from the fits. The thus obtained binding constant 

was then used to determine the concentration of poly(dimethylamine-co-epichlorohydrin) 

by titration with DS, as presented in the following section. Note that the lower limit of 

detection of the ion-exchanger electrode and the binding constant both affect the lowest 

concentration of a polyionic polymer that can be measured. In the case of 

poly(dimethylamine-co-epichlorohydrin), repeat unit concentrations below 10-6.6±0.1 M 

(i.e., 10-4.5 g/L) cannot be detected because the concentration of DS that binds to the 

polymer is too small. Poly(dimethylamine-co-epichlorohydrin) would not be measurable 

even if DS binding were much stronger because then relevant DS concentrations would be 

below the lower detection limit of the electrode. Note also that increases in the ionic 

strength of the solution will weaken binding of DS to poly(dimethylamine-co-

epichlorohydrin), as similarly shown, e.g., for binding of dodecyltrimethylammonium to 

poly(styrenesulfonate).260 Evidently, ionic strength effects could be eliminated by 

performing the DS additions to polycationic polymer solutions in the presence of a total 

ionic strength adjuster. For this purpose, phosphate buffer would be ideal because the 

electrode shows a very high selectivity for DS over phosphate and because phosphate 

would also control the pH. 
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Titration of Poly(dimethylamine-co-epichlorohydrin) with Sodium 1-Dodecyl Sulfate. 

To demonstrate the suitability of the DS-sensitive electrode for the indirect 

detection of poly(dimethylamine-co-epichlorohydrin), a titration of a solution of this 

polymer with DS was performed. For this purpose, poly(dimethylamine-co-

epichlorohydrin) was added to a solution of 1.0 mM NaCl at a concentration of 12.87 mg/L. 

To this solution, DS was added until the electrode response to DS approached that of 

solutions with no poly(dimethylamine-co-epichlorohydrin), indicating that the 

296olycations was saturated with DS (see Figure 4). 

 

Figure 4. Blue filled squares: Measured potentials during the addition of DS to a 12.87 

mg /L poly(dimethylamine-co-epichlorohydrin) solution (1.0 mM NaCl background). 

Black empty squares: Measured potentials during the dilution of DS (1.0 mM NaCl 

background). The blue line represents the concentration of bound DS, [DS]bound, and the 

black line the corresponding concentration of free DS, [DS]free. 
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The data in Fig. 4 was converted to Fig. 5 (for full sets of data see Figs. S9 and S10, 

Supporting Information), which shows the concentration of bound DS, [DS]bound, versus 

the concentration of free DS, [DS]free. This requires knowledge of [DS]free, which is 

calculated from the measured ion-exchanger electrode potential and Eq. (2). [DS]bound can 

be obtained from the mass balance for DS (i.e., Eq. (5)), [DS]free, and [DS]total. The latter is 

known from the amount of DS added during the titration: 

[DS]total = [DS]bound + [DS]free (6) 

 

Figure 5. Concentrations of bound and free DS in a poly(dimethylamine-co-

epichlorohydrin) containing solution. Concentrations were calculated using Eq. (2) and 

the data in Fig. 4. The blue line represents a fit to Eq. (7) with [R]total = 18.6 μM. 

Figure 5 not only visualizes the effect of DS binding to the polymer but it also 

allows for straightforward fitting, which allows the determination of the polyquaternium 

polymer concentration. To do so, the binding constant, K, from the previous section is 
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related to the fraction of charged repeat units of the polyquaternium polymer bound to a 

DS molecule, Θ, using an equation that is formally equivalent to the Langmuir isotherm: 

Θ = 1 – ([R]total – [DS]bound)/[R]total = K [DS]free/(1 + K [DS]free) (7) 

Solving Eq. (7) for [DS]bound gives: 

[DS]bound = [R]total K [DS]free/(1 + K [DS]free) (8) 

 The data of Fig. 5 can be fitted with Eq. (8) with [R]total as the fitting variable 

because both [DS]free and K are known. The former is known from the ion-exchanger 

electrode response, and K is characteristic for the DS and the polycationic polymer of 

interest and can be determined as described in the previous section. 

Three titrations of a solution that contained poly(dimethylamine-co-

epichlorohydrin) chloride were performed (for a full set see Figs. S11 and S12, Supporting 

Information). The concentration of poly(dimethylamine-co-epichlorohydrin) obtained 

from this fit was 12.8 ± 1.2 mg/L (95 % confidence interval), which is within error the 

same as the known concentration of the polymer of 12.87 mg/L. 

CONCLUSIONS 

Binding of 1-dodecyl sulfate to poly(dimethylamine-co-epichlorohydrin) was 

characterized by monitoring the concentration of freely dissolved surfactant with 

ionophore-free ion-exchanger electrodes. Experimental data are consistent with a 1:1 

binding stoichiometry between the surfactant and the individual charged repeat units of the 

polymer and were fitted to give a binding constant of K = 6.6 ± 0.6  105 M-1 (95% 

confidence interval). Using this equilibrium constant, titration curves collected during the 

addition of 1-dodecyl sulfate to solutions containing poly(dimethylamine-co-

epichlorohydrin) chloride were fitted with a single variable, i.e., the concentration of 
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polyquaternium charged repeat units. This technique simplifies the determination of 

299olycations concentrations as it (i) does not entail a second type of polymer, (ii) relies 

on an equilibrium rather than a non-equilibrium response of the electrode to the monovalent 

surfactant, and (iii) does not require regeneration of the electrode prior to subsequent 

measurements. It is important to note that binding of the monovalent surfactant to the 

299olycations could be affected by the presence of other ionic surfactants that are part of 

many cosmetic and consumer products that contain polyquaternium polymers.292 However, 

removal of these components and replacement with more hydrophilic salts is readily 

achievable through the use of ion-exchange membranes.285 The approach described here 

could also be extended to the measurement of other polyions. In particular, binding studies 

of DS to the 299olycations protamine and of cationic surfactants to the polyanion heparin, 

both of which are on the World Health Organization’s list of essential medicines, is 

currently being pursued in our laboratory. 
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SUPPORTING INFORMATION 

 

Figure S1. Response of ion-exchanger electrodes to 1-octyl sulfate (OS). Black empty 

squares represent values from an individual electrode. Blue filled diamond show the 

potential after the addition of poly(dimethylamine-co-epichlorohydrin) to the listed OS 

concentration. 

 

Figure S2. Measured potentials during the addition of poly(dimethylamine-co-

epichlorohydrin) (black squares) to a 1.0 mM DS solution (1.0 mM NaCl background). 

The blue line represents a fit of the experimental data based on Eq. (5). Electrode 2 of 8. 
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Figure S3. Measured potentials during the addition of poly(dimethylamine-co-

epichlorohydrin) (black squares) to a 1.0 mM DS solution (1.0 mM NaCl background). 

The blue line represents a fit of the experimental data based on Eq. (5). Electrode 3 of 8. 

 

Figure S4. Measured potentials during the addition of poly(dimethylamine-co-

epichlorohydrin) (black squares) to a 1.0 mM DS solutions (1.0 mM NaCl background). 

The blue line represents a fit of the experimental data based on Eq. (5). Electrode 4 of 8. 
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Figure S5. Measured potentials during the addition of poly(dimethylamine-co-

epichlorohydrin) (black squares) to a 1.0 mM DS solution (1.0 mM NaCl background). 

The blue line represents a fit of the experimental data based on Eq. (5). Electrode 5 of 8. 

 

Figure S6. Measured potentials during the addition of poly(dimethylamine-co-

epichlorohydrin) (black squares) to a 1.0 mM DS solution (1.0 mM NaCl background). 

The blue line represents a fit of the experimental data based on Eq. (5). Electrode 6 of 8. 
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Figure S7. Measured potentials during the addition of poly(dimethylamine-co-

epichlorohydrin) (black squares) to a 1.0 mM DS solution (1.0 mM NaCl background). 

The blue line represents a fit of the experimental data based on Eq. (5). Electrode 7 of 8. 

 

Figure S8. Measured potentials during the addition of poly(dimethylamine-co-

epichlorohydrin) (black squares) to a 1.0 mM DS solution (1.0 mM NaCl background). 

The blue line represents a fit of the experimental data based on Eq. (5). Electrode 8 of 8. 
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Figure S9. Blue filled squares: Measured potentials during the addition of DS to a 12.87 

mg /L poly(dimethylamine-co-epichlorohydrin) solution (1.0 mM NaCl background). 

Black empty squares: Potentials during the dilution of DS (1.0 mM NaCl background). 

Electrode 2 of 3. 

 

Figure S10. Blue filled squares: Measured potentials during the addition of DS to a 12.87 

mg /L poly(dimethylamine-co-epichlorohydrin) solution (1.0 mM NaCl background). 

Black empty squares: Measured potentials during the dilution of DS (1.0 mM NaCl 

background). Electrode 3 of 3. 
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Figure S11. Concentrations of bound and free DS in a poly(dimethylamine-co-

epichlorohydrin) containing solution. Concentrations were calculated from use of Eq. (2) 

and the data in Fig. S8. The blue line represents a fit to Eq. (7) with [R]total = 18.7 μM. 

 

 

Figure S12. Concentrations of bound and free DS in a poly(dimethylamine-co-

epichlorohydrin) containing solution. Concentrations were calculated from use of Eq. (2) 

and the data in Fig. S9. The blue line represents a fit to Eq. (7) with [R]total = 18.5 μM. 
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CHAPTER 12: Elimination of Membrane Delamination: Solid-Contact 

Ion-Selective and Reference Electrodes Covalently Attached to 

Functionalized Poly(ethylene terephthalate) 

Adapted from: 

Elimination of Membrane Delamination: Solid-Contact Ion-Selective and Reference 

Electrodes Covalently Attached to Functionalized Poly(ethylene terephthalate), 

Anderson, E. L.; Chopade, S.; Spindler, B.; Stein, A.; Lodge, T. P.; Hillmyer, M. A.; 

Buhlmann, P. (In Preparation) 

Contribution: 

Dr. Chopade assisted with surface functionalization and Brian Spindler synthesized CIM 

carbon. This author completed all other work presented in this chapter. 
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SYNOPSIS 

Numerous ion-selective and reference electrodes have been developed over the 

years. Following the need for point-of-care and wearable sensors, designs have transitioned 

recently from bulky devices with an aqueous inner filling solution to planarizable solid-

contact electrodes. However, unless the polymeric sensing and reference membranes are 

held in place mechanically, delamination of the physically adhering membranes limits 

sensor lifetime, as even minor external mechanical stress or thermal expansion can result 

in membrane delamination and, thereby, device failure. To address this problem, we 

designed a sensing platform based on poly(ethylene terephthalate) substrates to which 

polyacrylate-based sensing and polymethacrylate-based reference membranes are attached 

covalently. Ion-selective membranes with covalently attached or freely dissolved 

ionophore and ionic liquid-doped reference membranes can be directly photopolymerized 

onto surface-functionalized poly(ethylene terephthalate), resulting in the formation of 

covalent bonds between the underlying substrate and the attached membranes. H+- and K+-

selective electrodes thus prepared exhibit highly selective responses with the theoretically 

expected (Nernstian) response slope, and reference electrodes provide sample-independent 

reference potentials over a wide range of electrolyte concentrations. Even extreme 

mechanical stress does not result in the delamination of the sensing and reference 

membranes from the underlying substrate, which results in electrodes with much improved 

long-term performance. As demonstrated for poly(ethylene terephthalate glycol) (PETG), 

our approach may be expanded to a wide range of other polyester platform materials. 

Covalent membrane attachment of sensing and reference membranes to an inert plastic 
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platform material is a very promising approach to a problem that has plagued the field of 

ion-selective electrodes and field effect transistors for over 30 years. 

INTRODUCTION 

Since the introduction of H+-selective glass electrodes in the early 1900’s,293 ion-

selective electrodes (ISEs)175, 294-299 have typically had a pencil-like shape. This geometry 

was also adopted when ISEs with crystalline and polymeric ionophore-doped sensing 

membranes were introduced.1, 172, 175-176, 300 It provides a straightforward method to 

mechanically locate the ion-selective membrane between the sample and an inner filling 

solution that is used to electrically connect to an inner reference electrode. A typical 

example for this design is the IS-156 Philips electrode body,301 which has been used for 

decades to test and design new membrane technologies. Another popular approach to 

making ISEs is the direct attachment of sensing membranes prepared with plasticized 

poly(vinyl chloride) (PVC) as polymer matrix to Tygon tubing (i.e., plasticized PVC) upon 

wetting of the two materials with tetrahydrofuran (containing, optionally, PVC).302 This 

results in securely attached membranes due to blending of the sensing membrane and 

tubing by interdiffusion. 

Unfortunately, miniaturization of ISEs with an inner filling solution is difficult. To 

this end, much effort has been devoted to the development of solid-contact ISEs74, 152, 178, 

298, 303-309 and ion-selective field effect transistors (ISFETs).310-312 To minimize sensor drift 

and reduce the need for frequent recalibration, much of this work focused on a range of 

materials as interlayers between the solid contact and the sensor membranes, such as 

conducting polymers,68, 298, 306, 313-314 high surface area carbons and metals,62, 305, 309, 315 and 
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hydrophobic redox buffers.71, 316-317 In contrast, little attention has been devoted to methods 

that prevent sensing membranes from delaminating from the solid-state sensor platform.  

In the case of conventional electrodes with inner-filling solutions, mechanical 

supports such as screw caps301 can be used to hold sensor membranes in place, forming a 

tight seal that prevents sensor short-circuiting from the contact of inner filling solution and 

sample. Mechanical pressure to hold down ion-selective membranes can also be used for 

solid-contact electrodes,62 but the resulting sensors tend to be bulky and comparable in 

dimensions to conventional ISEs with an inner filling solution. Alternatively, an ISE 

membrane can be drop-cast onto an electrically conducting material that is surrounded by 

a non-conductive insulator, ensuring that the membrane extends out onto the insulator to 

avoid direct contact of the conducting substrate with sample solution. However, physical 

attachment through adhesion is weak and frequently results in delamination of membranes 

in continued use.298 Indeed, several efforts to commercialize planarized solid-contact ISEs 

and ISFETs failed because of the difficulty to prevent delamination. The recent desire to 

fabricate wearable sensors suitable for applications where they will be routinely flexed or 

bent75, 318-320 makes the development of ISE membranes that will not delaminate critical. 

In the first reported attempt to covalently attach polymeric ISE membranes onto a 

substrate,321 Harrison and co-workers used plasticized membranes that comprised 

hydroxyl-PVC modified with SiCl4. These membranes exhibited improved adhesion to 

SiO2 substrates, but the technique required modification of the entire membrane bulk and 

resulted in loss of selectivity.321 Reinhoudt and co-workers322 modified the gate oxide 

(SiO2) of ISFETs with (methacryloxypropyl)trimethoxysilane, followed by application of 

a photopolymerized butadiene sensing membrane. This method was later modified by the 
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covalent attachment of a poly(hydroxyethyl methacrylate) hydrogel to the gate oxide and 

subsequent application of sensing membranes onto this hydrogel.312,323 Unfortunately, 

devices based on polymeric membranes attached to SiO2-based platforms never went 

mainstream, apparently because the formation of a water layer at the SiO2–membrane 

interface could never be prevented entirely. More recently, solid-contact ion-selective 

membranes were also copolymerized with conductive polymers used as transducer 

layers.308, 314, 324 In the first study of this type,324 photocured polyacrylate membranes were 

covalently attached to the ion-to-electron transducer poly(3,4-ethylenedioxythiophene). 

Such attachment restricts the formation of a water layer between the sensor membrane and 

the underlying ion-to-electron transducer, but it does not inhibit the delamination of 

membranes from the non-conducting substrate that surrounds the conducting polymer.308  

To meet the need for the resilient attachment of sensor membranes to an inert sensor 

platform material, we report here on the surface modification of two polyesters, 

poly(ethylene terephthalate) (PET; see Figure 1) and poly(ethylene terephthalate glycol) 

(PETG). Both are inexpensive polymers widely used for the fabrication of water bottles. 

Hydrolysis of ester linkages exposed at the polyester surfaces has been used for the 

modification of surface functionality.325 Here, we hydrolyze PET using aqueous NaOH or 

potassium tert-butoxide in ethylene glycol as well as PETG using potassium tert-butoxide 

in ethylene glycol. Each method results in hydroxyl groups that can be reacted with 

methacryloyl chloride to give reactive surfaces. When plasticizer-free acrylate-based ISE 

membranes326 and methacrylate-based reference membranes are photopolymerized on top 

of the activated PET surfaces, the resulting crosslinked polyacrylate and polymethacrylate 

membranes are at the same time covalently attached to the PET surface. Even upon 
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application of strong forces, these membranes do not delaminate from the underlying PET 

substrate. Likewise, covalent attachment of crosslinked polyacrylate membranes to 

functionalized PETG results in membranes that cannot be removed from the underlying 

inert substrate. Covalently attached sensing membranes exhibit stable potentials long after 

physically adhered membranes fail. To illustrate this approach, we describe here a solid-

contact H+-selective electrode (with a covalently attached ionophore), a solid-contact K+-

selective electrode (with a freely dissolved ionophore),326 and a reference electrode with 

an ionic-liquid-doped reference membrane, each photopolymerized onto functionalized 

PET.  

 

Figure 1. Repeat unit structure of PET. 

RESULTS AND DISCUSSION 

Surface Functionalization of PET and PETG. 

The successful surface functionalization of PET sheets with aqueous solutions of 

NaOH or solutions of potassium tert-butoxide in ethylene glycol was confirmed by contact 

angle measurements.325 Hydrolysis of ester groups exposed on the surface of PET with 

OH– results in both carboxylic acid and hydroxyl functional groups, whereas hydrolysis 

with potassium tert-butoxide in ethylene glycol results in two types of hydroxyethyl 

functional groups, i.e., 2-hydroxyethyl ester and 2-hydroxyethyl ether groups (see Figures 

1 and 2).325 Further reaction of the hydrolyzed PET surfaces with methacryloyl chloride 

results in modification of the carboxylic acid and hydroxyl groups, forming anhydride and 
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ester terminated polymer chains.327 In the following workup, hydrolysis of the anhydride 

groups gives back the carboxylic acid (see Figure 2). In contrast, treatment of PET first 

with potassium tert-butoxide/ethylene glycol and then methacryloyl chloride provides for 

surfaces with methacrylic acid ester groups only. 

 

Table 1: Contact angles of H2O and 10 mM phosphate buffer (pH = 12.3) on non-

functionalized and differently functionalized PET. Results are reported with 95% 

confidence intervals (n = 6). 

PET Surfacea H2O 10 mM phosphate buffer (pH = 12.3) 

1 75.0 ± 1.1 75.5 ± 1.3 

2 59.6 ± 1.3 53.4 ± 1.2 

4 64.25 ± 1.0 63.4 ± 1.0 

3 69.2 ± 1.6 64.5 ± 1.3 

5 71.8 ± 1.1 71.3 ± 1.7 

a Surface types as shown in Figure 2. 
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Figure 2. Surface functionalization of PET. Top panel: Surface modification of PET 

using NaOH solutions. Bottom panel: Surface modification of PET using potassium tert-

butoxide/ethylene glycol solutions. Synthetic details are described in the Methods 

Section. 

Contact-angle measurements of non-functionalized PET (1) and functionalized 

PET (2–5) as determined with droplets of purified water as well as 10 mM phosphate buffer 

(pH = 12.3) are presented in Table 1. The contact angle of water droplets on non-

functionalized PET, 1, did not differ statistically from the contact angle measured with 

basic solution, which agrees with the expected absence of acidic functional groups on PET. 

Upon hydrolysis with OH– to 2, the contact angles decreased, which is consistent with a 

more hydrophilic surface, as previously reported.325 In addition, contact angles for 2 were 

statistically lower when measured with droplets of basic solution. This is consistent with 

the presence of carboxylic acid groups, which are formed by OH– hydrolysis. Also, after 

reaction of 2 with methacryloyl chloride to give 3, contact angles determined with water 
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were still higher than those measured with basic solution, consistent with the presence of 

carboxylic acid groups. In comparison, upon reaction of PET surfaces with tert-butoxide 

in ethylene glycol to give 4, contact angles were lower than for PET, but did not depend 

on the pH of the solution used to measure the contact angle. This confirms that terephthalate 

ester groups were successfully converted to 2-hydroxylethyl ester groups while avoiding 

formation of carboxylic acid groups. Consistent with this finding, the contact angles after 

reaction of 4 with methacryloyl chloride to 5 did not exhibit a dependence on the pH of the 

test solution either. Attempts were also made to monitor the different steps of the surface 

functionalization by attenuated total reflectance infrared spectroscopy (data not shown) but 

changes in spectral features were too small to be significant.  

The very hydrophilic carboxylic acid groups on surfaces of type 4 may promote the 

formation of a water layer at the interface of PET and a covalently attached ion-selective 

or reference membrane. Moreover, surface functionalization involving treatment with 

potassium tert-butoxide in ethylene glycol is expected to result in a surface concentration 

of methacryloyl ester groups that is twice as large as with the OH– hydrolysis route ending 

in 3, which will provide addition functional groups for covalent attachment of membranes. 

For both reasons, the synthesis route resulting in 5 was chosen for all results presented 

below, and surface hydrolysis of PET with aqueous NaOH solutions was not further 

pursued. Importantly, contact angles measurements of PETG functionalized with 

potassium tert-butoxide in ethylene glycol and methacryloyl chloride were consistent with 

the results for PET, which suggests the applicability of our method to other polyesters too 

(see Figure S1 and Table S1 of the Supporting Information). 
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Peeling tests were performed to assess qualitatively the effect of surface 

functionalization on the adhesion of butyl acrylate membranes to underlying PET and 

PETG substrates. For this purpose, cross-linked butyl acrylate membranes were prepared 

by placement of a mixture of butyl acrylate as monomer, 1,6-hexanediol diacrylate as 

crosslinker, and 2,2-dimethoxy-2-phenylacetophenone as polymerization photoinitiator 

onto methacryloyl-functionalized PET (5) or PETG (S5), followed by irradiation with a 

broad band UV source. For comparison, analogous experiments were also performed with 

non-functionalized PET and non-functionalized PETG. Images taken after attempts to peel 

the membranes from the PET and PETG surfaces are presented in Figures 3 and S2–S3, 

respectively. All membranes were easily removed from non-functionalized PET and non-

functionalized PETG. However, membranes polymerized onto the methacryloyl-

functionalized polyesters (5 and S5) could not be removed even by forceful scratching of 

the surface with tweezers, confirming the successful covalent attachment. 

 

Figure 3. Attachment of crosslinked butyl acrylate membranes to non-functionalized 

PET, 1, (left) and functionalized PET, 5 (right): Polymer membranes could be removed 

from 1 in one piece with little effort but could not be removed from 5. The right panel 

shows scratch marks on 5 that resulted from forceful attempts of removal with tweezers 

(image contrast enhanced for improved visibility). 



316 
 

Solid-Contact H+-Selective Electrode with Covalently Attached Ionophore. 

Solid-contact ion-selective electrodes were prepared by first gluing Ag wires to 

functionalized PET with silver conductive epoxy adhesive and applying of colloid-

imprinted mesoporous (CIM) carbon (e.g. to improve potential stability)62 onto the 

adhesive (see Figure 4). This was followed by photopolymerization of H+-selective 

membranes comprising covalently attached 2-(dimethylamino)ethyl methacrylate groups 

as H+ receptor (typically referred to as H+ ionophore) and resulted in transparent 

membranes that strongly adhered to functionalized PET, 5 (Figure S4). After conditioning 

of the thus prepared sensors by immersion into phosphate buffer (pH= 7.1), the membranes 

turned opaque, likely due to uptake of some heterogeneous water.328 However, this did not 

affect the performance of these sensors, as described in the following. 

 

Figure 4. Schematic and image of the fabrication of a solid-contact H+-selective 

electrode. 

The response of these electrodes to pH was tested in 10.0 mM phosphate buffer 

solutions by pH adjustment with NaOH and HCl (Figure 5). Measurements of six 

identically prepared electrodes resulted in the theoretically expected Nernstian slope (57.93 

± 0.15 mV/decade), relatively small potential drifts (220 ± 140 μV/h over 12 h; see Figure 

S8) and electrical resistances that make measurements readily feasible even with low-cost 
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potentiometers (52 ± 44 MΩ). The linear response range of these sensors spans the 

physiological range (pH 3.76 ± 0.10 to 10.41 ± 0.20), and the sensors’ selectivities were in 

the range of 109:1 over interfering monovalent inorganic ions (log𝐾𝐾I,JPOT toward K+, Li+, 

and Na+ of -8.9 ± 0.1, -9.3 ± 0.1, and -9.3 ± 0.1, respectively; see Figures S5–S7). Previous 

reports of plasticizer-free H+-selective membranes with crosslinked polyacrylate matrices 

and tridodecylamine as freely dissolved ionophore exhibited a slightly narrower linear 

range of pH 5.0–11.0,326 while the selectivities measured in our work were within error 

identical to those reported there326 (log𝐾𝐾I,JPOT values of -9.5, -9.5 ± 0.1, and -9.3 ± 0.1 toward 

K+, Li+, and Na+, respectively). This confirms that these covalently attached ion-selective 

membranes take full advantage of the ionophore properties that were observed previously 

with more conventional sensor setups. 

 

Figure 5. Potentials, E, of solid contact H+-selective electrodes as a function of solution 

pH. The x-axis values were determined using a conventional pH glass electrode. Black 

diamonds represent the average value of six identically prepared solid-contact electrodes, 

and error bars represent 95% confidence intervals for six electrodes. E was measured 
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relative to a free-flowing double-junction reference electrode. All E values are corrected 

for liquid junction potentials at the free-flowing double junction. 

To test the improvement of long-term stability provided by the covalent attachment 

of the H+-selective membranes, two tests were conducted. In the first one, H+-selective 

membranes were deposited onto non-functionalized PET, 1, and onto functionalized PET, 

5. The potential of each of these electrodes was monitored in a pH-buffered solution for 

112 hours (see Figure 6). Importantly, prior to these experiments, the electrodes were not 

conditioned by immersion into an aqueous solution containing the target ion prior to the 

experiment. Such conditioning is a routine procedure and serves two purposes, i.e., the 

uptake of an equilibrium concentration of water into the sensing membrane (typically in 

the low mM concentration)328 and exchange of the hydrophilic ion that the freshly 

fabricated sensing membrane contains for the target ion (i.e., for this work, exchange of K+ 

with H+). Monitoring of the potential, E, during conditioning shows routinely substantial 

potential drifts caused by these two processes.  

As Figure 6 shows, all three electrodes prepared with non-functionalized PET, 1, 

failed (after 12, 13 and 90 hours). Failure of these electrodes is evident by a sudden and 

permanent decrease in the measured potential, E. However, all three electrodes that were 

deposited onto functionalized PET, 5, provided stable potentials throughout the duration 

of the experiment, and no visual delamination of any of the membranes was observed. 

(Note that the overall conditioning time could be reduced in a manufacturing process by 

preparation of thinner sensing membranes, elimination of ion exchange by use of ionic sites 

paired with the target ion for the fabrication, and packaging of electrodes in a pouch with 

small amounts of water or a hydrogel, prehydrating the sensing membrane.) The failure of 
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each electrode on non-functionalized PET, 1, likely resulted from the formation of a water 

layer between the PET and H+-selective membrane, as apparent from how easily the ion-

selective membranes could be removed from the PET at the end of the experiment.  

 

Figure 6. Potentials, E, of solid-contact H+-selective electrodes over time in a 10.0 mM 

phosphate buffer solution (pH = 7.1) during conditioning. The types of the underlying 

substrates are indicated in the figure legend. The brief transient changes in potentials 

once a day correspond to additions of H2O to correct for sample evaporation. 

As a second test to assess improvements from covalent attachment, H+-selective 

membranes deposited onto non-functionalized PET, 1, and functionalized PET, 5, were 

subjected to repetitive rigorous bending (~ 100 times) over a period of five minutes (see 

Figure S9). After that time, the edges of membranes deposited onto non-functionalized 

PET, 1, began to delaminate from the PET (see top panel of Figure 7). No delamination of 

membranes can be seen on the functionalized PET, 5. The results of these tests are 

consistent with those shown in Figures 3 and S3 and indicate that covalent attachment of 

ion-selective membranes allows for use of these sensors in applications where electrodes 

are routinely mechanically stressed, as is the case, e.g., for wearable sensors. 
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Figure 7. Images taken after repetitive bending of H+-selective electrodes. Numbers in 

the Figure correspond to PET functionalization of Figure 1. Red arrows point to 

delamination of the H+-selective membranes from non-functionalized PET, 1. 

Solid-Contact K+-Selective Electrode with Freely Dissolved Ionophore. 

Photopolymerization of K+-selective membranes containing freely dissolved 

valinomycin as ionophore resulted in transparent membranes that also strongly adhered to 

functionalized PET, 5 (Figure S10). Photopolymerization of the same type of K+-selective 

membranes onto non-functionalized PET, 1, resulted in membranes that delaminated from 

PET already during the disassembly of the photopolymerization setup with the quartz glass 

plates and could not be used for electrochemical measurements at all (Figure S11). After 

conditioning, the covalently attached membranes appeared opaque, but here too this did 

not affect the sensors’ performance. Measurement of the responses of three identically 

prepared electrodes showed the theoretically expected (Nernstian) slopes (58.26 ± 0.25 

mV/decade, Figure S12), potential drifts of 230 ± 730 μV/h over 8.5 h (Figure S15), a 

moderate electrical resistance of 859 ± 830 MΩ. and a lower detection limit of 10–5.3 ± 0.1 

M. The selectivities for K+ with respect to Li+ and Na+ were in the 104:1 range (log𝐾𝐾I,JPOT 
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of –4.1 ± 0.1 and –4.0 ± 0.1, respectively; see Figures S13–S14), as expected for this highly 

selective ionophore. Previous reports of crosslinked polyacrylate matrices that only 

differed by a lower membrane content of cross-linker and polymerization initiator (0.1 and 

1.2 wt %, respectively) match the results presented here,326 which confirms that the 

covalent attachment of the sensing membranes as introduced here does not influence the 

electrochemical performance of these sensors. 

Ionic-Liquid Based Reference Membranes. 

Every potentiometric measurement requires not only an indicator electrode, such 

as an ISE, but also a reference electrode. Because conventional reference electrodes that 

interface the sample through a liquid junction are difficult to miniaturize, we used for this 

work reference electrodes with a polymeric reference membrane doped with an ionic 

liquid.69, 71, 114 Photopolymerization of solutions containing methyl methacrylate as 

monomer, ethylene glycol dimethacrylate as crosslinker, 2,2-dimethoxy-2-

phenylacetophenone as polymerization photoinitiator, and 1-octyl-3-methylimidazolium 

bis-(trifluoromethyl sulfonyl)imide (50 wt %) to control the phase boundary potential at 

the interface of the sample and the reference membrane resulted in transparent polymer 

films. Prior to use of a solid contact setup, the membranes were mounted onto Philips 

electrode bodies to determine their potential stability in a conventional setup with an inner 

filling solution. Directly after their fabrication, i.e., without any conditioning, three 

electrodes were exposed to purified H2O and three electrodes were exposed to H2O 

saturated with 1-octyl-3-methylimidazolium bis-(trifluoromethyl sulfonyl)imide. Potential 

measurements over the following 60 h are presented in Figure 8. 
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Figure 8. Potentials, E, of six ionic-liquid based reference membranes mounted onto 

Philips electrode bodies. Solid and dashed lines indicate data measured in water samples 

saturated with the ionic liquid 1-octyl-3-methylimidazolium bis-(trifluoromethyl 

sulfonyl)imide saturated H2O, and dotted lines refer to measurements in purified H2O. 

Potentials measured in purified H2O decreased 20–30 mV over the first two hours, 

followed by a smaller upward potential drift. Potentials measured in ionic-liquid saturated 

H2O increased 4–7 mV over two hours and then stabilized. Potential drifts after the initial 

equilibration (“conditioning”) were –26 ± 20 μV/h for ionic-liquid saturated H2O and 154 

± 80 μV/h for purified H2O, respectively (reported values are 4 to 60 h). In practice, one 

rarely encounters the latter case, that is, a comparatively small sample that initially contains 

no ionic liquid but in which the ionic liquid slowly accumulates as the ionic continuously 

leaches in very small amounts out of the reference membrane. In real life, large or 

continuously renewed samples are much more common, preventing the ionic liquid from 

accumulating. Therefore, as common in prior work with reference electrodes comprising 

ionic liquid-doped reference membranes,8 all further tests to assess the stability of solid-
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contact reference electrodes were performed in solutions saturated with the ionic liquid, 

avoiding the effect of ionic liquid accumulation in the sample over time. This way, 

potential drifts caused by changes in the trans-membrane potential or the inner reference 

electrode are readily recognizable. 

Solid-Contact Ionic-Liquid Based Reference Electrodes. 

Photopolymerization of reference membrane solutions onto functionalized PET, 5, 

resulted in transparent membranes that strongly adhered to the substrate (Figures S16 and 

S17). Electrode potentials measured in solutions saturated with ionic liquid varied a 

maximum of ~2 mV between solutions containing only ionic liquid and solutions with 

added KCl (logaK/Cl
 = –4.22 to –0.86, see Figure S18). This observation is consistent with 

reports of other ionic liquid based reference electrodes, where the reference potential 

provided by such electrodes is determined by an ionic liquid distributing across the 

interface of the sample and the reference membrane and not by the ionic composition of 

the sample.8-9, 69-70, 72, 114, 127 Potential stabilities over one day were measured to be 180 ± 

280 μV/h (see Figure S19). The electrical electrode resistance was measured to be 640 ± 

110 kΩ (95% confidence interval), which is of the same magnitude as for nanochannel-

type reference electrodes based on the same ionic liquid.72 However, the electrode-to-

electrode potential reproducibility (120 ± 10 mV, 95% confidence interval) was inferior to 

those of devices comprising interfaces of AgCl-saturated ionic liquids and AgCl-coated Ag 

contacts.9, 72 This may result from exposure of the AgCl-coated Ag foil to UV radiation. 

Further improvements of the electrode-to-electrode potential reproducibility are currently 

being pursued by replacement of the AgCl-coated Ag foil by mesoporous carbon and redox 

buffers.152 
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CONCLUSIONS 

PET and PETG sheets were surface functionalized using a treatment of potassium 

tert-butoxide/ethylene glycol and further reaction with methacryloyl chloride, resulting in 

surfaces with reactive methacrylate functional groups. Photopolymerization of crosslinked 

acrylate and methacrylate polymers onto these functionalized surfaces resulted in 

membranes that were covalently attached to the underlying substrate and could not be 

removed mechanically. We showed that photopolymerization of H+- and K+-selective 

membranes, with covalently attached and freely dissolved ionophores, respectively, gave 

electrodes with Nernstian responses and the full selectivity that these ionophores are known 

to provide in conventional sensors. We anticipate that this method of sensor preparation is 

broadly applicable to a wide range of other ionophores for the detection of many different 

ions. Using the same approach, ionic-liquid reference membranes with a methacrylate 

matrix were also covalently linked to PET, giving reference electrodes with a stable 

potentials in a wide range of KCl concentrations.  

Importantly, all these electrodes were superior to electrodes that were not 

covalently attached to the underlying substrate and exhibited no delamination of 

membranes from the underlying substrate in both long-term measurements and in 

experiments where the electrodes were exposed to repetitive severe mechanical stress. 

While we focused in this work on PET and show only as a proof of concept that the same 

covalent attachment is also feasible for PETG substrates, we believe that our approach will 

likely enable the covalent attachment of polymeric sensing membranes to a wide range of 

polyester, polyamide, and polyurethane substrates. We expect that the covalent attachment 

of sensing membranes to a polymeric substrate will improve substantially the reliability of 
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wearable and implantable sensors, other point-of-care devices, as well as sensors in 

mainframe clinical analyzers. 

METHODS 

PET and PETG Surface Modification. 

PET sheets for the preparation of H+-selective, K+-selective, and reference 

electrodes were roughened with 600 grit sand paper, washed with ethanol (3 times) and 

hexane (3 times), and dried under vacuum for 24 h prior to surface functionalization. PET 

and PETG sheets used to test adhesion of membranes were not sanded. For treatments with 

NaOH, five PET sheets (2×5 cm2) were submerged in stirred 1 M NaOH and heated to 65 

ºC for 7 h, followed by rinsing with water (5 times), 0.1 M HCl (4 times), and water (5 

times) and drying under vacuum at room temperature for 24 h. For treatments with 

potassium tert-butoxide/ethylene glycol, five PET or PETG sheets (2×5 cm2) were 

submerged in 0.6 M potassium tert-butoxide in ethylene glycol while stirring for 4 h, 

followed by rinsing with H2O (5 times) and ethanol (3 times) and drying under vacuum at 

room temperature for 24 h. 

Dried PET sheets surface functionalized either with NaOH or potassium tert-

butoxide/ethylene glycol as described above were submerged into a solution of 19 mL of 

triethylamine in 150 mL of anhydrous dichloromethane under argon at 0 ºC. Then, 10 mL 

of methacryloyl chloride was added dropwise over 15 min, and the reaction mixture was 

removed from the 0 ºC bath and kept at ambient temperature for 12 h. Finally, the PET 

sheets were washed with dichloromethane (4 times), acetone (3 times), water (3 times), 

and acetone (3 times), followed by drying under vacuum at room temperature for 48 h. 

Dried PETG sheets surface functionalized with potassium tert-butoxide/ethylene glycol 
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were modified in a manner identical to PET except for the use of anhydrous diethyl ether 

(dried with LiAlH4 and distilled) instead of dichloromethane. 

Adhesion of Crosslinked Butyl Acrylate Membranes. 

A 0.5 g solution consisting of 97 wt % butyl acrylate, 1.5 wt % 1,6-hexanediol 

diacrylate, and 1.5 wt % 2,2-dimethoxy-2-phenylacetophenone was stirred for 5 min. Non-

functionalized PET and PET sheets functionalized first with potassium tert-

butoxide/ethylene glycol and then methacryloyl chloride were secured to a quartz glass 

plate with double-sided adhesive tape to ensure a level surface. The combined height of the 

tape and PET was ~300 μm. Two 0.50 mm thick feeler gauges were placed as spacers on 

opposing sides of the PET sheet (see Figure S20). The membrane solution was then poured 

on top of the PET, and a quartz glass plate was placed onto the gauges, which resulted in a 

200 μm layer of solution between the PET and upper quartz plate. A steady flow of N2 was 

passed through the space between the quartz plates using a disposable 1 mL plastic pipette 

tip secured to Tygon tubing. For photopolymerization, the mixture was exposed for 11 min 

to a broad band UV source with peak output at 365 nm. Afterwards, H2O was added 

between the quartz plates to aid removal of the membrane covered PET. Membranes were 

polymerized onto non-functionalized PETG and PETG functionalized first with potassium 

tert-butoxide/ethylene glycol and then methacryloyl chloride, in a manner identical to that 

of PET. 

Ion-Selective Electrode Fabrication. 

Solid-contact ion-selective electrodes were prepared by securing three equally 

spaced 0.50 mm Ag wires to functionalized PET sheets with a thin pad of 8331 silver 

conductive epoxy adhesive (~0.3 cm diameter; see Figure S21 for a schematic), and the 
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epoxy was allowed to dry for 24 h. Colloid-imprinted mesoporous (CIM) carbon62 was 

drop-cast onto each conductive epoxy area by three sequential additions of 2 μL of a 

sonicated CIM carbon solution (20 mg CIM carbon suspended in 0.5 mL tetrahydrofuran), 

followed by 10 min of drying in between additions and 12 h at the end. For H+-selective 

electrodes, a 0.50 g solution containing 90 wt % butyl acrylate, 1.5 wt % 1,6-hexanediol 

diacrylate, 1.5 wt % 2,2-dimethoxy-2-phenylacetophenone, and 7 wt % 2-

(dimethylamino)ethyl methacrylate was stirred for 5 min, followed by addition of 36 mg 

of potassium tetrakis(4-chlorophenyl) borate (33 mol % with respect to 2-

(dimethylamino)ethyl methacrylate) and stirring for 10 min. For K+-selective electrodes, a 

0.50 g solution containing 97 wt % butyl acrylate, 1.5 wt % 1,6-hexanediol diacrylate, and 

1.5 wt % 2,2-dimethoxy-2-phenylacetophenone was stirred for 5 min, followed by addition 

of 10.5 mg of valinomycin and 3.0 mg of potassium tetrakis(4-chlorophenyl)borate (60 

mol % with respect to valinomycin) and stirring for 10 min. An aliquot of one of the 

ionophore-containing solutions was poured onto the PET modified with the Ag leads and 

the CIM carbon and UV-polymerized over 11 min to give a 200 μm thick ion-selective 

membrane, as described for the adhesion measurements. 

Reference Membranes. 

Free-standing reference membranes were prepared from 1.0 g solutions containing 

48.5 wt % methyl methacrylate, 0.75 wt % ethylene glycol dimethacrylate, 0.75 wt % 2,2-

dimethoxy-2-phenylacetophenone, and 50 wt % 1-octyl-3-methylimidazolium bis-

(trifluoromethyl sulfonyl)imide or 1-dodecyl-3-methylimidazolium bis(trifluoromethyl 

sulfonyl)imide (pre-saturated with AgCl). These mixtures were placed between two quartz 

glass plates separated by two 200 μm feeler gauges. The mixture was polymerized over 15 
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min as described above for adhesion measurements. Membranes doped with 1-dodecyl-3-

methylimidazolium bis(trifluoromethyl sulfonyl)imide were observed visually to be phase 

separated and were not pursued further.  

Solid-contact reference electrodes were prepared by securing three equally spaced 

AgCl-coated Ag foil ribbons (0.10×1.0 cm2) to functionalized PET (2.0 × 5.0 cm2) with 

double-sided adhesive tape (see Figure S22 for a schematic). The same type of mixture of 

membrane components and method of UV polymerization as used to prepare free-standing 

reference membranes was employed to prepare 200 μm thick reference membranes on PET 

sheets. 

See the Supporting Information for details on materials, contact angle 

measurements, and electrochemical tests. 
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SUPPORTING INFORMATION 

Materials 

AgCl, KCl, LiCl, NaCl, LiOH, LiAlH4, KOH, 1.0 M NaOH, 1.0 M HCl, KH2PO4, 

K2HPO4, FeCl3, lithium acetate, methyl methacrylate, ethylene glycol dimethacrylate, 

butyl acrylate, 1,6-hexanediol diacrylate, 2,2-dimethoxy-2-phenylacetophenone, 2-

(dimethylamino)ethyl methacrylate, ethanol, hexanes, diethyl ether, methacryloyl chloride, 

potassium tert-butoxide, basic alumina, valinomycin, and potassium tetrakis(4-
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chlorophenyl) borate were purchased from Sigma-Aldrich, Ag wires (0.05 mm diameter, 

≥ 99.9%) and Ag foil (0.05 mm thick) from Alfa Aesar, 1-octyl-3-methylimidazolium bis-

(trifluoromethyl sulfonyl)imide, and 1-dodecyl-3-methylimidazolium bis(trifluoromethyl 

sulfonyl)imide from Ionic Liquid Technologies, a pH glass electrode from Hanna 

Instruments, a 3UV lamp from Analytik Jena, poly(ethylene terephthalate) (PET) sheets 

(0.127 mm thick) and poly(ethylene terephthalate glycol) (PETG) sheets (1.59 mm thick) 

from McMaster-Carr Supply Company, 8331 silver conductive epoxy adhesive from MG 

Chemicals, and quartz glass plates (15 × 15 cm2, 3,2 mm thick) from Fisher Scientific. 

Methyl methacrylate, ethylene glycol dimethacrylate, butyl acrylate, 1,6-hexanediol 

diacrylate, and 2-(dimethylamino)ethyl methacrylate were filtered through basic alumina 

before use. All other chemicals were used as received. 

Preparation of AgCl-coated Ag Foil. 

Ag ribbons (cleaned in 0.1 M HCl for 15 min) were transferred into a 1.0 M FeCl3 

and 0.10 M HCl solution. After stirring for 10 minutes, the resulting AgCl-coated Ag foil 

ribbons were rinsed with H2O and dried. 

Contact Angle Measurements. 

Contact angles were measured with a contact-angle goniometer (Erma, Tokyo, 

Japan) with three drops (4, 6, 8 μL) of purified H2O or 10.0 mM phosphate buffer (pH = 

12.3). Averages were computed from six advancing contact-angle measurements at three 

separate locations on the PET or PETG surfaces. 

Potentiometric Measurements 

All potentials were measured at room temperature in stirred solutions with an EMF 

16 potentiometer (Lawson Labs, Malvern, PA, USA) controlled with EMF Suite 1.02 
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software. All potentials were measured relative to a free-flowing double-junction reference 

electrode5 with a 3.00 M KCl bridge electrolyte and AgCl-saturated 3.00 M KCl reference 

electrolyte (DX200, Mettler Toledo, Switzerland). The bridge electrolyte was changed to 

1.00 M lithium acetate for measurements with K+-selective electrodes. 

Free-Standing Ionic-Liquid Reference Membranes. 

Reference membrane disks (1.0 cm diameter) were mounted onto Philips-type 

electrode bodies (Glasbläserei Möller, Zürich, Switzerland). The inner filling solution was 

1.0 mM KCl, saturated with 1-octyl-3-methylimidazolium bis-(trifluoromethyl 

sulfonyl)imide, into which a AgCl-coated Ag wire was inserted as inner reference 

electrode.  

H+-Selective Electrodes. 

Solid-contact H+-selective electrodes were fully submerged for conditioning in 10.0 

mM phosphate buffer (pH= 7.1) for 12 h before potentiometric measurements. H+-selective 

electrodes were not conditioned for measurements presented in Figure 4. To measure 

calibration curves, the electrodes were placed in a 10.0 mM potassium phosphate buffer 

solution (pH = 7.1), and after approximately 10 min the pH was adjusted by addition of 

aliquots of 1.0 M NaOH until the lower limit of detection was reached. This was followed 

by addition of aliquots of 1.0 M HCl until the upper detection limit was reached. The pH 

was monitored with a pH glass electrode. 

Selectivities were measured using the fixed interference method.233 Electrodes were 

placed in solutions containing 1.0 mM potassium phosphate buffer (pH = 7.1) and 0.10 M 

LiCl, NaCl, or KCl. The pH was adjusted by additions of 1.0 M LiOH, NaOH, or KOH, 

respectively, until the lower limit of detection was reached. 
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K+-Selective Electrodes. 

Solid-contact K+-selective electrodes were fully submerged for conditioning in 1.00 

mM KCl for 24 h before potentiometric measurements. To measure calibration curves, the 

electrodes were placed in deionized purified water, and the concentration of KCl was 

adjusted by additions from 10.0 mM and 1.00 M KCl stock solutions. Selectivity was 

measured using the fixed interference method.233 Electrodes were placed in solutions 

containing 0.10 M LiCl or NaCl. KCl concentrations were adjusted by additions from 10.0 

mM and 1.00 M KCl stock solutions. 

Resistance Measurements. 

Electrical resistances of solid-contact reference electrodes were measured with a 

three-electrode setup using a Solartron 1255B frequency response analyzer with an SI 1287 

electrochemical interface (Farnborough, Hampshire, U.K.) controlled by ZPlot software 

(Scribner Associates, Southern Pines, NC).151 Measurements were performed at the open 

circuit potential with an AC amplitude of 10 mV in 100 mM KCl. Data was collected using 

a Pt foil (3  × 3 cm2) counter electrode and a AgCl/Ag wire reference electrode. All data 

fits were performed using Mathematica 10.1 software (Champaign, IL). 

Electrical resistances of solid-contact H+-selective and K+-selective electrodes were 

measured with the known shunt method.94 The potentials (E1) of the electrodes were first 

measured in a 10.0 mM potassium phosphate buffer solution (pH = 7.1) for H+-selective 

electrodes or 1.00 mM KCl for K+-selective electrodes versus a free-flowing double-

junction reference electrode. The potentials (E2) were measured a second time after the 

electrodes were individually shorted to the free-flowing double junction reference 

electrode through a 10 MΩ resistor. Resistances were calculated as 10 MΩ  (E1–E2) / E2. 
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Figure S1. Surface functionalization of PETG using potassium tert-butoxide/ethylene 

glycol solutions. Synthetic details are described in the Experimental Section of the 

manuscript. 

 

Table S1: Contact angles of H2O and 10 mM phosphate buffer (pH = 12.3) on non-

functionalized and differently functionalized PETG. Results are reported with 95% 

confidence intervals (n = 6). 

PETG Surfacea H2O 10 mM Phosphate Buffer (pH = 12.3) 

S1 71.1 ± 2.0 72.0 ± 1.8 

S4 61.3 ± 1.5 63.2 ± 1.2 

S5 72.7 ± 1.5 75.8 ± 1.8 

a Surface types as shown in Figure S1. 
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Figure S2. Crosslinked butyl acrylate membranes on non-functionalized PETG, S1, 

(right) and functionalized PETG, S5, (left) prior to removal attempts. 

 

Figure S3. Adhesion of crosslinked butyl acrylate membranes to non-functionalized 

PETG, S1, (right) and functionalized PETG, S5 (left). Polymer membranes could be 

easily removed from S1 but all efforts to remove them from S5 failed. The left PETG 

shows scratches on S5 that resulted from failed attempts of removal with tweezers. 
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Figure S4. Image of a PET construct with three solid-contact H+-selective electrodes 

(prior to cutting into three separate pH electrodes). 

 

Figure S5. Measured potentials, E, of solid-contact H+-selective electrodes as a function 

of solution pH. The initial solution was 1.0 mM phosphate buffer with 100 mM KCl (pH 

= 7.1). The pH was then raised stepwise with aliquots of 1.0 M KOH. The pH shown on 

the x-axis was measured using a pH glass electrode. Black symbols represent E values of 

individual electrodes. E was measured relative to a free-flowing double-junction 

reference electrode. All E values are corrected for liquid junction potentials at the free-

flowing double junction. 
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Figure S6. Measured potentials, E, of solid-contact H+-selective electrodes as a function 

of solution pH. The initial solution was 1.0 mM phosphate buffer with 100 mM LiCl (pH 

= 7.1). The pH was raised stepwise with aliquots of 1.0 M LiOH. The pH shown on the 

x-axis was measured using a pH glass electrode. Black symbols represent E values of 

individual electrodes. E was measured relative to a free-flowing double-junction 

reference electrode. All E values are corrected for liquid junction potentials at the free-

flowing double junction. 
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Figure S7. Measured potentials, E, of solid-contact H+-selective electrodes as a function 

of solution pH. The initial solution was 1.0 mM phosphate buffer with 100 mM NaCl (pH 

= 7.1). The pH was then raised stepwise with aliquots of 1 M NaOH solution. The pH 

shown on the x-axis was measured using a pH glass electrode. Black symbols represent E 

of individual electrodes. E was measured relative to a free-flowing double-junction 

reference electrode. All E values are corrected for liquid junction potentials at the free-

flowing double junction. 
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Figure S8. Potentials, E, of solid-contact H+-selective electrodes over time in a 10.0 mM 

phosphate buffer solution (pH = 7.1). Empty black circles, blue diamonds, and red 

triangles are H+-selective electrodes with functionalized PET, 5. 

 

Figure S9. Images showing bending of solid-contact H+-selective electrodes. Bending 

was repeated approximately 100 times over 5 minutes with each electrode. 



338 
 

 

Figure S10. Image of a PET construct with a solid-contact K+-selective electrode. 

 

Figure S11. Image of a K+-selective electrode on non-functionalized PET, 1. The 

membrane delaminated from the PET during removal of the device from quartz glass 

plates after polymerization. 
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Figure S12. Potentials, E, of solid-contact K+-selective electrodes as a function of K+ 

activity. The three symbols represent value of three individual but identically prepared 

solid contact electrodes. E was measured relative to a free-flowing double-junction 

reference electrode with 1.00 M lithium acetate bridge electrolyte. All E values are 

corrected for liquid junction potentials at the free-flowing double junction. 
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Figure S13. Measured potentials, E, of solid-contact K+-selective electrodes as a function 

of the K+ activity in a 100 mM LiCl background. The three symbols represent values of 

three individual but identically prepared solid-contact electrodes. E was measured 

relative to a free-flowing double-junction reference electrode with 1.00 M lithium acetate 

bridge electrolyte. All E values are corrected for liquid junction potentials at the free-

flowing double junction. 
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Figure S14. Measured potentials, E, of solid-contact K+-selective electrodes as a function 

of the K+ activity in a 100 mM NaCl background. The three symbols represent values of 

three individual but identically prepared solid-contact electrodes. E was measured 

relative to a free-flowing double-junction reference electrode with 1.00 M lithium acetate 

bridge electrolyte. All E values are corrected for liquid junction potentials at the free-

flowing double junction. 



342 
 

 

Figure S15. Potentials, E, of solid-contact K+-selective electrodes over time in a 10.0 

mM KCl solution. Empty black circles, blue diamonds, and red triangles are H+-selective 

electrodes with functionalized PET, 5. 

 

 

Figure S16. Image of a solid-contact reference electrode. 
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Figure S17. Image of a bent solid-contact reference electrode. 

 

Figure S18. Potentials of solid-contact reference electrodes as a function of the K+/Cl– 

activity in KCl solutions. E was measured relative to a free-flowing double-junction 

reference electrode. All E values are corrected for liquid junction potentials at the free-

flowing double junction. Blue triangles, red squares, and black diamonds represent data 

for three individual electrodes. 
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Figure S19. Measured potentials, E, of solid-contact reference electrodes with ionic-

liquid-doped reference membranes over time in an aqueous solution saturated with 1-

octyl-3-methylimidazolium bis-(trifluoromethyl sulfonyl)imide. Solid black, dotted red, 

and dashed blue lines represent data for three individual electrodes. 

 

Figure S20. Device fabrication: PET sheet (center) with three Ag wires, CIM carbon 

(black), and sensing membrane, attached to a quartz glass plate with double-sided 

adhesive (not visible). See Figure S21 for more details. 
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Figure S21. Schematic of PET construct with three solid-contact H+-selective electrodes 

(prior to cutting into three separate reference electrodes). 
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Figure S22. Schematic of PET construct with three solid-contact reference electrodes 

(prior to cutting into three separate reference electrodes). 
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SYNOPSIS 

This article describes an ongoing initiative of the Department of Chemistry (Chem. 

Dept.) at the University of Minnesota (UMN) to support mental health in graduate students. 

With the increasing pressure on students to carry out novel research, publish articles, learn 

a broad range of skills, and look for career opportunities, the levels of stress, anxiety, and 

depression among graduate students are on the rise. For tackling these issues, UMN Chem. 

Dept. has adopted an approach that heavily relies on the involvement of graduate students 

and student empowerment. This contribution describes the results of a collaboration 

between a group of chemistry graduate students (CCGS), the director of graduate studies 

of the Chem. Dept., and mental health professionals at the UMN campus health service, to 

provide strategies for ensuring a welcoming and productive departmental climate. This 

work describes the events that CCGS has hosted and that were effective to improve the 

mental health of students, and raise awareness and stimulate open discussions about this 

topic. As an early intervention strategy, the UMN Chem. Dept. revised several policies to 

allow the students to receive frequent feedback from their advisors. Through the 

collaboration of the CCGS, UMN Chem. Dept. and UMN campus health service, a survey 

for the evaluation of mental health and stress factors in graduate studies was developed. 

Findings of the survey attest to the stigma associated to discussing mental health as more 

than 40% of graduate students responded that they will not consider consulting with a 

therapist, counselor, or physician even when they felt that their health was affected by the 

level of stress in their life. The results also show the importance of an open and friendly 

environment for students who struggle with stress and mental health, as they were most 

likely to approach a friend rather than adviser, counselor, or physician. 
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INTRODUCTION 

A large number of academics are affected by mental health issues such as anxiety 

and depression;329-332 yet, the topic of stress and mental health in higher education is often 

considered taboo and is rarely discussed publicly. Facing uncertain career prospects, 

graduate students in particular experience high levels of stress, and are vulnerable to 

developing mental health disorders.333-336 A survey of 790 graduate students from all 

disciplines at the University of California at Berkeley (UCB) found that almost 47% of 

PhD students could be clinically classified as depressed.337 Another study at UCB found 

that 9.9% of the graduate and professional students had contemplated suicide over the 

preceding twelve months; similar results were noted at the University of California 

Irvine.338 Sadly, there have been several cases of graduate students suicides.339-340 

Graduate students must learn a broad range of knowledge and skills, advance in 

their research projects, meet deadlines, become independent problem solvers, and develop 

career opportunities before graduating. There is constant pressure to perform well, and 

learning to cope with moderate levels of stress is a key factor for graduate student success. 

Excessive levels of poorly managed stress, especially over extended periods of time, harms 

physical and mental wellness. While initiatives exist that advocate to improve mental 

health and stress management on many campuses,341-342 the majority of those activities 

focus on undergraduate students; few recognize and address the needs of graduate students.  

Surveys of graduate students by organizations such as the Graduate Assembly at 

UCB and the American Chemical Society have aimed to understand the parameters that 

contribute to students’ well-being, happiness, and successful career development.337, 343 

Although such efforts have raised awareness of needs and concerns specific to graduate 
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students and have offered a number of recommendations, it is not known to what extent 

recommendations have been adapted or if changes in the graduate programs were achieved. 

Moreover, variabilities in study parameters, such as the time of data collection, field of 

study, demographics, and geographical origin of the survey takers, affects the results and 

relevance of such surveys to the needs and priorities of other programs. It remains unclear 

what strategies graduate programs can employ to effectively improve the culture of mental 

health and well-being among graduate students. 

This article describes an ongoing initiative of the Department of Chemistry (Chem. 

Dept.) at the University of Minnesota (UMN) to support mental health in graduate studies. 

As a part of this initiative, our graduate students, faculty, and health professionals 

developed a recurring survey that assesses stress levels and the mental health of the 

chemistry graduate student body. Herein, we present a review or our mental health initiative 

and the highlights of our program evaluation. 

RESULTS AND DISCUSSION 

Initiative Overview. 

The UMN Department of Chemistry is one of the largest in the US, with 

approximately 240 graduate students, 40 faculty members, and over 16,000 undergraduate 

student enrollments per year. Eight research centers are run by its faculty members, the 

research program is well funded, and over a dozen faculty serve as chief or associate editors 

of major chemistry journals. Graduate student recruiting focuses exclusively on PhD 

students. Roughly one third of our graduate students are female; one third are international. 

The Chem. Dept. mental health improvement initiative originated in 2012. The initiative is 

a collaboration of three parties.  
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(1) A group of graduate students advocating for student mental health for students within 

the program (the “Community of Chemistry Graduate Students”, CCGS). 

(2) The department’s director of graduate studies (DGS) with department leadership 

support. 

(3) Health professionals and mental health experts from the UMN campus health service 

(Boynton Health). 

Figure 1 illustrates the working relationship of the three parties. A project can be 

initiated by any one of the three. Although each group has its own individual 

responsibilities, the groups closely collaborate to cause changes in the graduate program. 

This arrangement expands the number of tools available for addressing the mental health 

of graduate students beyond those that would be available to any one group. The diversity 

of professional and educational perspectives contributes to a better understanding of mental 

health specific to the Chemistry Department. The contributory roles and interplay of these 

efforts to the mental health improvement project are illustrated in Figure 2. 

 

Figure 1. Schematic depicting the parties involved and tools available for a collaborative 

effort directed to improve the mental health of a graduate student population. 
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Initiative Origins. 

Graduate student stress and mental health issues were historically addressed within 

the chemistry department on an individual level by a limited number of motivated staff and 

faculty members who had accumulated skills in dealing with mental health situations. 

However, open departmental discussion and coordinated efforts to systematically tackle 

the issue of mental health in graduate studies were missing. This changed in 2012 when 

the director of graduate studies chose to prioritize efforts to address stress and mental health 

in the graduate program. Key goals were to make graduate students both happier and more 

productive, reduce factors contributing to unnecessary stress, and to better prepare the 

department for emergencies. Involvement of graduate students in these efforts was 

considered crucial as was mental health and evaluative expertise from outside the 

department.  

The collaboration between the UMN Chem. Dept. and the campus health service, 

Boynton Health, was inspired by the DGS attended a teaching enrichment event that 

included a presentation on stress and mental health organized by Boynton Health. 

Recognizing the importance of this topic, the chemistry DGS invited Boynton Health to 

present at a special event for the department. While the overall attendance of faculty 

members was low, the attendance of over sixty graduate students and staff members was a 

surprise to many. This recognition of the importance of graduate student mental health by 

the department provided an opportunity for further dialogue and inspired a group of 

graduate students to establish a graduate student group with a specific focus on mental 

health, the Community of Chemistry Graduate Students, CCGS.  
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The CCGS has become one of the best recognized graduate student groups on campus. The 

CCGS works with the DGS and other members of the department to host recurring events 

and workshops. CCGS events and activities focus on three areas of social, physical, and 

mental health and are designed with one or more of the following goals:  

(1) To increase awareness of mental health in graduate studies, demonstrate that issues 

such as stress, anxiety, and depression are more common in graduate programs than 

often realized, and that individuals can recover from these issues by seeking help and 

treatment  

(2) To ensure that graduate students are aware of resources and facilities available to 

them on campus (such as counseling services and therapy sessions, disability 

resources, and the conflict resolution center) 

(3) To discuss the skills that empower graduate students to constructively deal with 

challenges of graduate studies such as stress and high work loads 

(4) To address social isolation and potential loneliness of students by hosting social 

events where students can interact with individuals and faculty members outside of 

their research groups in a friendly and informal environment 

Examples of initial events held by CCGS include departmental yoga classes, movie nights, 

workshops on healthy eating and the negative effects of sleep deprivation on mental health, 

and information sessions for the UMN recreational and wellness center and the UMN 

center for spirituality and healing. Although events were consistent with CCGS goals, 

members began to question whether they could improve their impact. CCGS members 

concluded that for them to be effective, they required an assessment of the current state of 
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stress and mental health concerns of graduate students, particularly what factors graduate 

students perceive as causing stress. To accomplish this, they turned to Boynton Health.  

 

Figure 2. Chart showing the interplay of efforts and contributory roles of the mental health 

improvement project. 

Mental Health Survey. 

Boynton Health (BH) has administered a Student Health Survey (SHS) of the 

campus every 2-3 years since 1995.233 The SHS is broad in scope and inclusive of both 

undergraduate and graduate students. The survey inquires about health-related status and 

behaviors including general health status, health care access, insurance status, exercise 

patterns, consumption of alcohol, tobacco, and drugs, sexual behavior, stress, mental health 

diagnoses, and other health factors. Although the survey provides extensive detail on the 
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health of the student body, practical concerns such as survey length limit the amount of 

detail that can be collected on any specific health topic.  

BH was intrigued by the invitation to look at the mental health concerns of graduate 

students in more depth, particularly in the context of a specific department. Neither BH nor 

the CCGS were aware of any previously conducted mental health survey of an individual 

graduate program. Over the course of a year, CCGS members, the chemistry DGS, and 

representatives from BH met regularly to formulate survey questions specific to the needs 

of the department’s graduate students. Content included questions on the following areas: 

Demographics, funding situation, progress towards degree, work hours, physical health 

(sleep patterns, use of alcohol and recreational drugs, exercising habits), mental health 

(social isolation and depression symptoms), relationship with the academic adviser, group 

members and other members of the UMN Chem. Dept., stress and anxiety in relation to 

different factors, and help-seeking behaviors when facing mental health issues. BH directly 

managed the survey, collected responses, and managed the release of the compiled data to 

the Chem. Dept. This ensured confidentiality of the survey takers and prevented the 

identification of any graduate student based on their responses. Figures 3 and 4 show the 

results of selected questions that were relevant to this article (details of methodology and 

data analysis listed in the Supporting Information). 

The survey was first administered in November of 2013. Participation was actively 

promoted by CCGS, the department’s chair and DGS, and BH; the participation rate of 

49.2% (118/240) was much higher than expected. Over several months, CCGS, the DGS, 

and BH met frequently to discuss survey results, identify issues affecting mental health of 
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graduate students, and propose possible strategies to address problems identified by the 

survey.  

A presentation of the data, key findings, and suggested strategies was delivered to 

all the members of the Chem. Dept. in January 2014. Following the formal presentation, 

BH representatives facilitated an engaged discussion among students, staff, and faculty, 

which helped to develop ideas on how to address some of the issues identified by the 

survey. Even though the event took place in the middle of winter and only two weeks before 

the start of the semester, attendance by students, staff and faculty was high, clearly 

indicating substantial buy-in across the whole department. Moreover, this event set a 

milestone for open departmental discussions targeted to improving the mental health of 

graduate students and fighting the stigma associated with this topic. 

 

Figure 3. Examples of survey questions and results on help-seeking behavior of 

chemistry graduate students at UMN, Chem. Dept. 

The chemistry graduate student survey has subsequently been administered in the UMN 

Chem. Dept. every other year as a benchmark to evaluate the progress of the stress and 

mental health initiative in the department. Results are used promptly to direct policies and 
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departmental events. The survey is evaluated and revised following each administration 

with questions revised, dropped or added, to cover past shortcomings. In this manner, the 

survey is a living document that evolves with the changing nature and needs of the whole 

department. The participation rate in the 2016 survey increased from 49.2% (2013) to 59.3 

%.  

Survey results are instructive of how the department might tailor its approach to 

mental health. For example, graduate students were asked what individuals they would 

consider consulting “If you felt that your health was being affected by the stress in your 

life”. Interestingly, 91% of survey takers responded that they would consider consulting 

with a friend, but only 48% considered consulting with their academic adviser (Figure 3). 

More than 50% of students responded yes when asked “Have you talked with anyone 

within the past 6 months about concerns you have about the level of stress in your life and 

its effect on your life?” This indicates that a large fraction of the student population suffers 

from high levels of stress. The survey has also demonstrated that students are less likely to 

seek out help from a professional such as a primary care doctor or counselor than from 

friends or family members. Only 26%, 7%, and 16% approached a counselor, primary care 

doctor, and their academic adviser, respectively. This realization attests to the stigma 

associated with discussing mental health related topics even with medical professionals. 

These results highlight the importance of social support from friends, family, as they are 

the first to be sought for help and can play a key role in convincing an individual to pursue 

professional help. However, a friendly and welcoming environment in the graduate 

program and research group is also critical for maintaining mental health of graduate 

students; having a trusted friend or person in the department to talk to in stressful situations 
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is important. Since most graduate students have relocated to a different city or country to 

join their selected research program, the circle of their social support is often compromised. 

Moreover, students dedicate long hours to research in the laboratory, reviewing the 

literature, and studying for coursework, leaving limited available time to meet new friends 

and/or spend time with existing ones. Therefore, their primary social interactions are with 

group members and members of their department. Indeed, the importance of social support 

on decreasing the levels of anxiety and emotional exhaustion and increasing job 

satisfaction is recognized in the context of occupational health research.329, 344-346 

The 2013 and 2016 surveys also included questions designed to evaluate the 

working environment and relationship between students (Figure 4). Graduate students 

evaluated the work environment as very positive, and most students either agreed or 

strongly agreed that they felt supported and valued by other graduate students; they felt 

comfortable making friends in the department and could easily approach other students 

with work-related concerns. A comparison of the 2013 and 2016 results suggested a slight 

improvement of the work environment in relation to the question “I feel comfortable 

approaching other chemistry students with work related concerns” (X2=35.945, p<0.0001). 

Although it is possible that this change reflects the influence of the mental health initiative, 

it is not possible to confirm this because many factors contribute to the work environment 

(such as the student body changes in composition over time) and because the data is not 

compared to a control group. The survey also revealed a slight decrease in the number of 

students who have considered or seriously considered leaving the program between 2013 

and 2016 (Figure 5). Changes in related questions did not reach statistical significance. 
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Despite this, the positive trend is encouraging and suggests that the mental health initiative 

activities are moving the Chem. Dept. in the right direction.  

Understanding correlations between the success of graduate students, and their 

work environment should be of interest to any graduate program, and we hope to learn 

more about this through future surveys. It is unclear how the UMN Chem. Dept. compares 

to other equivalent graduate programs in regard to these variables, since data is not 

available for other departments or graduate programs. Boynton health is implementing the 

graduate student survey in three other departments of the UMN to gain more information 

on the effect of the field of study on the mental health of graduate students. 

 

Figure 4. Examples of 2013 and 2016 survey questions and results about relationship with 

peers, and progress towards degree of chemistry graduate students at UMN. 
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Program Modifications. 

The comparison of the 2013 and 2016 survey results does not show yet the 

effectiveness of the mental health initiative. It is possible that effects of the initiative may 

take more time to be detected with statistical significance. However, the departmental 

presentations of survey results were indeed effective for establishing a more open 

atmosphere in the department, in which it is now expected that stress and mental health are 

talked about candidly. Interesting examples of this are recent contributions to our 

department’s so-called “safety moments”. As part of its safety culture,347 every seminar in 

the chemistry department starts with a very brief safety moment. A physical chemist might 

give a hint on how to avoid injury to eyes from lasers, and an organic chemist might share 

proper procedures to avoid liquid oxygen in cold traps. Faculty and students have recently 

devoted some safety moments to stress and mental health topics. 

The collaborative effort exemplified by the survey has contributed to additional 

momentum in the work of the CCGS. For example, the CCGS recently modified most of 

its events to focus on providing greater opportunities for students to receive feedback and 

learn soft skills to better manage the ambiguity of the graduate studies experience. One 

example is “Surviving and Thriving in Graduate School” panel discussions, at which 

several faculty members, and occasionally representatives from local industries, are invited 

to provide advice on skills needed in graduate studies and professional careers, and to share 

personal experiences, challenges, and management skills in their own graduate careers. 

Surviving and Thriving events are held once every semester and allow students to learn 

from a diverse group of mentors. The importance of soft skills, emphasis on 

communication and project management, and prevention and early intervention when 
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dealing with challenges and conflicts are guiding principles frequently repeated in these 

panel discussions. Evaluations of the events by graduate students have been highly 

positive.  

The success of Surviving and Thriving inspired CCGS members to address these 

topics in a more systematic way by establishing a digital library of useful advice that is 

broadly accessible. Students filmed and edited short video clips in which chemistry faculty 

members explain their experiences and share suggestions on specific topics. These were 

then posted on YouTube under “Surviving and Thriving in Higher Education”, making 

them accessible to everyone.348 Additional videos were prepared in collaboration with BH 

on depression in graduate students, covering the signs of depression as well as strategies 

for prevention and early intervention, and encouraging students to counsel with a therapist 

at BH if they are experiencing symptoms.348 In one of the videos, a faculty member of the 

UMN Chem. Dept. details his struggles with depression during graduate studies and 

describes how he recognized the issue and sought professional help, to recover through 

medication, therapy, and support of friends and family. In another clip, the DGS comments 

on the frequency of depression in graduate students and emphasizes that many students 

who struggle with depression are very good students but may have set too high of an 

expectation of themselves. All videos are promoted openly to the whole department to fight 

the stigma associated with struggles with mental health. 

One of the realizations that emerged from the analysis of the survey results and 

subsequent departmental discussion was that graduate students found it difficult to assess 

their progress in the program whereas faculty generally reported confidence in their 

assessment of graduate student progress. This was noted to be particularly true for students 
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in the 3rd, 4th, and 5th years of graduate studies. These last three years follow the written 

and oral preliminary PhD exams in the 2nd year but precede the final PhD defense, which 

typically falls at the end of the 5th or beginning of the 6th year. It was recognized that 

providing specific feedback to students during this time period had the potential to avoid 

mental health complications caused by stress, anxiety, and self-doubt and to improve the 

graduate student experience. A new milestone was introduced at the end of the 4th year of 

the graduate program. Now, students meet (typically individually) with the prospective 

committee reviewers of their final PhD thesis to discuss progress in research, career 

planning, and any other issues that may be of concern to the students. This ensures that the 

students discuss these important topics not only with their advisor but also with others to 

get more diverse feedback. Faculty learned to appreciate this milestone as additional help 

for students with a tendency to procrastinate. 

An additional improvement in the graduate program was the introduction of a 

revised form for the annual evaluation of graduate student progress by graduate student 

advisors. CCGS was directly involved in the development of this new form. The form asks 

students to first complete a self-assessment of their progress in areas such as research and 

experiment planning, literature proficiency, independent problem-solving skills, time 

management and organizational skills, record keeping and data archiving, presentation and 

writing skills, team interactions, career planning, and laboratory safety practices. The 

advisor then assesses the student’s self-evaluation and meets with the student to discuss 

discrepancies. This self-assessment and review helps address issues of excessive student 

self-criticism and provides an opportunity to recognize if the students have unrealistic 

expectations of them self and the progress of their work (which could be a source of 
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frustration and stress). The meeting also provides an opportunity for the adviser to directly 

express concerns about the performance of the student in specific areas (which the student 

might be entirely oblivious to) and prompts an open discussion to identify strategies for 

improvements in those areas. Use of supportive communication (calmly identifying the 

issue and maintaining a welcoming and unbiased environment by reassurance through 

compliments, voice, and body language)342 would be crucial for an effective discussion. As 

of 2018, the form will also introduce two brief mental health questions, the answers to 

which the students may share with their advisor or submit anonymously. 

Additional CCGS events that have originated out of the mental health initiative are 

coffee hours, group runs, and summer picnics, which allow more frequent social 

interactions between students and opportunities to for friendships. This is particularly 

important for students in their 3rd or later years of graduate studies, who in our program are 

typically no longer taking courses and whose social interactions during the work week are 

generally confined to those in their research group. The biweekly coffee hours allow 

students to socialize outside of a laboratory setting. They often featuring a theme, such as 

Chinese New Year, Pride Week, Earth Day, and Meet the Chemistry Faculty in which case 

students outside of CCGS hosted the event; this allows for a broad range of themes and 

promotes a welcoming atmosphere to all members of the Department. By hosting events 

not only focused on mental health, CCGS has increased attendance throughout all events 

with a subsequent increase in awareness of mental health issues throughout the department. 

In addition, CCGS members prepared posters on how to access on-campus resources for 

professional help and counseling and displayed these posters in several locations in the 

Chemistry Department.  
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CCGS recently started coaching graduate student groups in several other UMN 

departments to implement mental health initiatives based on this model. These discussions 

revealed the importance of departments being open to talking about mental health and to 

engaging students in addressing related issues. It also became evident that the culture in 

the Chemistry Department was uniquely welcoming and supportive of student activities; 

such initiatives were not considered a waste of time or to be in opposition to department 

policies and authorities. In addition to the Chemistry Dept.’s encouragement of CCGS 

members, the department also allocated an annual budget to fund CCGS events. This 

support was crucial for the success of CCGS activities. Empowering graduate students with 

leadership roles has been a historical practice of the chemistry department. For example, 

the department’s safety initiative is led by a group of graduate students and postdoctoral 

associates, referred to as “Joint Safety Team”, JST, which collaborates closely with 

chemistry department leadership, the campus’s Dept. of Chemical Engineering and 

Materials Science and Dept. of Environmental Health and Safety, and the Dow Chemical 

Company to address the culture of safety in the laboratory.347 Other graduate student groups 

include: the Graduate Student Workshop Committee, Science for All, and Chemistry 

Women in Science and Engineering. These student groups provide venues that allow 

students to develop leadership skills, experience a sense of belonging to the community, 

and design events and workshops that better suit their needs. Providing graduate students, 

a central role in the mental health initiative has all of these advantages and also provides 

them with an opportunity to address a concern relevant to all graduate students. 
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Table 1. Guiding principles to help graduate students, graduate programs, and university 
mental health services establish a collaborative initiative to support mental health in 
graduate programs.  
Graduate Students 
-Take on leadership roles 
-Engage a diverse group of individuals to represent the needs of all students 
-Target a range of needs; get feedback about events and activities; create a friendly 
environment at events 
-Be resourceful, work with department representatives (DGS, Chair, staff, faculty) and 
reach out to experts in the field. Engage everyone. 
Graduate Programs 
-Value student empowerment and recognize that students can be the driving force behind 
change and improvement; don’t be shy to get help from students with activities you do 
not have the time to organize 
-Support student initiatives by: dedicating a budget to graduate student groups, meeting 
with the leadership of student initiatives, discussing policies with students and asking for 
their opinions, publicly supporting relevant student activities by broadly publicized 
personal statements from department leaders such as the chair and DGS 
-Work with experts from university mental health to make best use of resources on campus 
and ensure that graduate students (i) are aware of these resources and (ii) know how and 
where to get an appointment to speak with a therapist or mental health expert on campus  
-Update policies to minimize unnecessary stress and improve mental health 
-Realize that paying attention to mental health is not a threat to research productivity; 
happier students are more productive 
-Provide training for faculty, staff, and teaching assistants on how to deal with stress and 
mental health 
University Mental Health Services 
-Consider mental health a high priority for policies and strategies at all levels 
-Create opportunities for events and discussions on the topic of mental health that engage 
the whole university and all units; inspire administrators, faculty, and students to engage 
in those topics 
-Offer assistance not only to individuals struggling with mental health, but also take an 
active approach to prevention and supporting departments and student groups 
-Emphasize the importance of student empowerment for addressing the mental health 
challenge 
-With all the great ongoing efforts targeting under-graduate students, do not forget the 
graduate and professional students 
-Recognize that different colleges and departments often have different cultures and 
working environments—one size does not fit all; help different units to develop the tools 
that work best for them, and let them help you promote mental health on campus 
-Promote a scientific approach to understanding mental health, e.g., through surveys and 
analysis 

CONCLUSIONS 

The issue of mental health among graduate students is an important and 

complicated topic. Although there is no universal solution or quick fix for addressing it, 
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academic departments can make a difference. Lasting and effective change in the culture 

can be accomplished by team work. This requires a change in attitudes towards mental 

health within graduate programs and sustained collaborative efforts from all the parties 

involved. The latter include University Leadership (through policy and provision of 

counseling programs, facilities, and mental health professionals), the graduate programs 

administration, faculty, and the graduate students themselves. The Chemistry Department’s 

Graduate program has explored this path since 2012. We hope that, by sharing our 

experiences, we may inspire new ideas and initiatives in other programs. To this effect, we 

have highlighted a number of guiding principles (Table 1) specific to the three roles in our 

model to assist other programs in replicating and/or adapting our effort. 
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CHAPTER 14: Conclusions and Outlook 

 The following sections and sub-sections will highlight the improvements and 

advancements described in detail throughout Chapters 2-13. 

IMPROVEMENT OF REFERENCE ELECTRODES 

Liquid Junction Reference Electrodes. 

 As discussed in Chapters 2 and 3, measurements of reference electrodes with 

nanoporous glass frits (5 – 20 nm pores) indicated that diffusional transport and not 

solution flow dominates the movement of ions into and out of bridge electrolyte. This in 

addition to charge screening of sample ions results in non-stable and non-reproducible 

reference potentials. This charge screening was reduced by using porous glass frits with 

pores diameters of 50 -100 nm as described in Chapter 4, but reference electrode with such 

frits still have flow rates that are too low to avoid contamination from sample solutions. 

Both functionalized mesoporous polymers as reference electrode frits and 

capillary-based reference electrodes with pressure driven flow were designed to improve 

reference electrode function. By using a capillary-based reference electrode with pressure 

driven flow, volumetric flow rates of 100 nL/h were achieved while maintaining stable and 

reproducible potentials (average drift = 0.4 μV/h). This makes these reference electrodes 

ideal for the long term measurement of potentials. 

Ionic Liquid-Based Reference Electrodes. 

As an alternative to reference electrodes based on the interface of two miscible 

electrolyte solutions, reference electrodes that contain an interface of hydrophobic ionic 

liquids with aqueous sample solutions were prepared using polymerization-induced 

microphase separation. The strategy is (i) solvent-free, (ii) allows fabrication in a single 
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step, (iii) results in self-supporting, mechanically robust reference electrodes, and (iv) 

offers control over the size and shape of the reference electrode. Reference electrodes 

developed using this strategy provided stable and reproducible potentials in wide ranges of 

hydrophilic electrolyte solutions. Moreover, this strategy laid the fundamental work to 

expand on for the development of ionic liquid-based reference membranes that are 

covalently attached to inert plastic substrates. These covalently attached ionic liquid-based 

reference membranes provide stable potentials, but also allow for smaller and more 

mechanically robust devices. It will be interesting to see the applications that these types 

of devices are used for. 

IMPROVEMENT OF ION-SELECTIVE ELECTRODES 

Impedance Spectroscopy. 

Impedance measurements of ion-selective electrodes often include varying degrees of 

impedance artifacts caused by measuring electrodes due to the typically large overall 

impedance. The occurrence of such artifacts can be detected by measuring spectra with 

different electrodes as outlined in Chapter 8. By determining the individual contributions 

to an impedance spectrum by each electrode within a cell, accurate and precise 

measurements of the impedance of ion-selective electrodes can be determined. 

Fluorous Phase Ion-Selective Electrodes. 

 This low polarizability of the fluorous phase was applied to develop ion-selective 

electrodes that selectively detect environmental perfluorinated contaminates. Due to the 

high selectivity, μM concentration of perfluorooctane sulfonate could be measured in 

background solutions containing soil suspensions and polycationic polymers. These real-

time measurements allowed for a fundamental understanding of the binding of 
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perfluorooctane sulfonate to polycations and provides the theory for the application of 

polyions for environmental remediation. In addition, by measuring the ionic conductivity 

of perfluoro(perhydrophenanthrene) electrolyte solutions, the presence of ion pairs, triple 

ions, and higher ionic aggregates were detected due to the nonpolar nature of fluorous 

solvents. The formation of these ion pairs resulted from the formation of R3N+–C(R)–

H···NR3 type hydrogen bonds, a unique observation.  

Polyion Sensing with Ion-Selective Electrodes. 

Taking advantage of the new treatment developed for the quantitative discussion of 

perfluorooctane binding to polycations in the presence of soil, as described in Chapter 10, 

it was determined that the binding of 1-dodecyl sulfate to poly(dimethylamine-co-

epichlorohydrin) could be determined indirectly by monitoring the concentration of freely 

dissolved surfactant with ionophore-free ion-exchanger electrodes. Using an 

experimentally determined equilibrium constant for this binding event, titration curves 

collected during the addition of 1-dodecyl sulfate to solutions containing 

poly(dimethylamine-co-epichlorohydrin) chloride can be fitted with a single variable, i.e., 

the concentration of polyquaternium charged repeat units. This technique simplifies the 

determination of polycation concentrations as it (i) does not entail a second type of 

polymer, (ii) relies on an equilibrium rather than a non-equilibrium response of the 

electrode to the monovalent surfactant, and (iii) does not require regeneration of the 

electrode prior to subsequent measurements. This method could also be extended to the 

measurement of other polyions.  
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Covalently Attached Ion-Selective Membranes. 

Poly(ethylene terephthalate) and poly(ethylene terephthalate glycol) were surface 

functionalized, resulting in surfaces with reactive methacrylate functional groups. 

Photopolymerization of crosslinked acrylate H+- and K+-selective membranes with 

covalently attached and freely dissolved ionophores, respectively, gave electrodes with 

theoretical Nernstian responses. This method could be applied to a wide range of other 

ionophores. Each of the electrodes were superior to electrodes that were not covalently 

attached. Covalent attachment of sensing membranes in this way to a polymeric substrate 

will improve substantially the reliability of wearable and implantable sensors. 

GRADUATE STUDENT STRESS AND MENTAL HEALTH 

It is the hope that by developing methods to study and understand the stressors and 

mental health issues that affect graduate students, we will be able to work together to 

improve our experiences and that by sharing our experiences and knowledge we may 

inspire new ideas and initiatives in other programs. 
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