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Abstract 

 
The research presented in this thesis is focused on the development and use of ion-selective 

electrodes (ISEs) in harsh conditions, such as measurements in organic solvents, biological 

media, and samples containing lipophilic ions and at high temperatures. This thesis focuses 

on the study of two classes of ISE membranes to overcome challenges presented by these 

conditions, semifluorinated polymer membranes and hydrophilic high capacity ion-

exchanger (HHCIE) membranes. First, a brief overview of the working mechanism and 

components of ISEs, as well as the problems caused by harsh sample conditions is given. 

Also, included is a discussion on fluorous membrane ISEs, which show resistance to 

biofouling, HHCIE membranes and polymer background relevant to ISEs. Semifluorinated 

polymers were synthesized by attachment of fluorinated side chains to the lipophilic 

polymer, poly(4-vinylphenol). However, the percent conversions of these reactions are not 

high enough to produce polymers that are suitable for use as ISE membranes. Several 

semifluorinated monomers were synthesized, polymerized into semifluorinated polymers 

and then fabricated into ISEs. These electrodes can utilize both fluorophilic and lipophilic 

ionophores, allowing for a wider range of possible analyte ions then previously available 

to fluorous membrane ISEs. Ion-exchanger electrodes made from these polymers show a 

wide selectivity rage, up to 14 orders of magnitude. Study of HHCIE membranes found 

them to be highly resistant to the effect of Donnan failure (co-ion interference). HHCIE 

membranes were used to make a sensor that could monitor the concentration of NOX
- 

species in situ during nanoparticle synthesis reactions at 150 ºC in propylene glycol. It is 

also shown that nitrate ions present in this reaction are reduced to nitrite. A current pulse 
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reference electrode with a HHCIE membrane was developed which should have 

advantages over similar electrodes made with lipophilic membranes when measuring in 

biological media.
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operation of HHCIE membrane electrode with KCl inner 

filling solution.  
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Figure 6.2: Diagram of the current pulse reference electrode made 

from a plastic syringe holder, with a FAB Anion 

exchange membrane, a Ag/AgCl internal reference 

electrode and a platinum internal counter electrode. 
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Figure 6.3: Setup of electrochemical cell for testing a current pulse 

reference electrode against a conventional free flow 

reference electrode. 
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Figure 6.4: Potentiometric response slopes of FAB membrane 

electrodes with varying KCl inner filling solution 

concentrations (0.1 M, 1.0 M and saturated (~3.7 M) to 

varying KClaq concentrations. 
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Figure 6.5: Nyquist plot of impedance spectra of the current pulse 

reference electrode cell with sample solution 

concentrations from 0.02 μM to 0.8 M. 
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Figure 6.6: Average response of FAB membrane current pulse 

reference electrode over several trials before current 

pulse (0 mA) and after -5 mA current pulse (-5 mA), 

along w with a fit using Equation 6.1. 
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Figure 6.7: Theoretical response plots of current pulse reference 

electrode using Equation 6.1, with 60 s current pulse 

duration, 5 cm2 electrode area and varying current pulse 

magnitude (top left); 60 s current pulse duration, varying 

electrode area, and -5 mA current pulse (top right); 

varying current pulse duration, 5 cm2 electrode area and 

-5 mA current pulse (bottom left); and 60 s current pulse 

duration with varying electrode area and varying current 

pulse magnitude (bottom right).        
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1.1 Ion-Selective Electrodes (ISEs) 

1.1.1 ISE Overview 

Ion-selective electrodes (ISEs) are widely used analytical devices, making over a 

billion measurements every year.1 A large amount of this use is in the medical field 

measuring ion concentrations in blood. In fact, a vast majority of clinical laboratories in 

the United States use ISEs to measure sodium and potassium concentrations.2 In 1991, 200 

million clinical analyses of potassium ion concentrations by polymeric ISEs were made in 

the United States alone.3 ISEs are also widely used in industrial and food processes, and 

for environmental monitoring.1, 4, 5 ISEs have been developed for a wide range of ions. 

Several approaches, such as buffering the concentrations of ions in the inner filling solution 

or solid contact electrodes, have been developed to allow ISEs to achieve low limits of 

detection, reaching as low as ppt levels.6-9 ISEs can mostly be divided into three main 

groups: glass electrodes, such as the ubiquitous glass pH electrode, crystalline electrodes, 

such as fluoride selective electrodes that utilize lanthanum fluoride crystals, and polymeric 

membrane ISEs, such as those based on plasticized PVC, commonly used to measure the 

concentration of potassium in blood. The rest of this discussion will focus on ISEs of the 

third type, polymeric membrane ISEs.  

While ISEs have found great success in the clinical environment, their function is 

often still degraded when used in biological media, especially for prolonged periods of 

time. This problem is called biofouling. Also, polymeric ISEs have found only limited use 

in organic solvents and at high temperatures. They can also suffer from interferences 

caused by highly lipophilic ions. The principles of basic ISE function and composition are 
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detailed below, as well as details about the use of ISEs in harsh sample environments and 

background on strategies to overcome these problems. Also discussed are reference 

electrodes commonly used with ion-selective electrode measurements and the problems 

that can occur when they are used in such sample matrixes. Additionally, background on 

polymerization techniques useful for synthesizing polymers for ISE membranes is 

included.  

1.1.2 The Nernstian Response 

 ISEs are a type of potentiometric sensor which respond to the activity of ions in a 

solution. One of the most important components of the ISE is its membrane. ISEs function 

under near zero current conditions.1 To use an ISE, three major components are necessary: 

the ISE, an external reference electrode, and a potentiometer (Figure 1.1). The cell diagram 

and potentials can be written as: 

 

Ag; AgCl; KCl (saturated) salt bridge | sample | membrane | internal solution; AgCl; Ag 

    E1          E2                       E3               EJ           EM               E4                         E5         E6 

           
          reference electrode system                       ion-selective membrane electrode 
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Figure 1.1: Diagram of typical ISE setup. 

 

 The electromotive force (emf) of the system is the sum of the individual potentials 

at each of the interfaces. Only two of the potentials, the membrane potential, EM, and the 

liquid junction potential of the sample/bridge junction, 𝐸𝐽, are dependent on the sample. 

The other potentials, which are independent of the sample, can be combined into one 

constant, 𝐸𝑐𝑜𝑛𝑠𝑡. The emf measured by the potentiometer is therefore:1 

 𝑒𝑚𝑓 = (𝐸1 + 𝐸2+𝐸3 + 𝐸4 + 𝐸5 + 𝐸6) + 𝐸𝐽 + 𝐸𝑀 = 𝐸𝑐𝑜𝑛𝑠𝑡 + 𝐸𝐽 + 𝐸𝑀 (1.1) 
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 𝐸𝐽 is due to the difference in the ionic composition of the salt bridge and the sample 

solution, and can be held at a small constant value by using a concentrated electrolyte with 

ions of similar mobilities, or estimated by use of the Henderson formalism:10 

𝐸junction =
∑

|𝑧i|𝑢i

𝑧i
[𝑐i,bridge − 𝑐i,sample]i

∑ |𝑧i|𝑢i𝑖 [𝑐i,bridge − 𝑐i,sample]

R𝑇

F
ln

∑ |𝑧i|𝑢i𝑐i,samplei

∑ |𝑧i|𝑢i𝑖 𝑐i,bridge
               (1.2) 

where zi is the charge of the ion, ui is the mobility of the ion, ci, bridge is the concentration of 

the ion in the bridging solution, ci, sample is the concentration of the ion in sample solution, 

R is the gas constant, T is the temperature and, F is Faraday’s constant (96,485.3365 

C/mol). Therefore the main contributor to the 𝑒𝑚𝑓 is the membrane potential, 𝐸𝑀, which 

can be broken down into three parts. The first part, the phase boundary potential at the 

membrane/inner filling solution interface, is usually independent of the sample.11, 12 The 

second part, the diffusion potential, is negligible as long as there is no concentration 

gradient within the membrane.11 The last part, the phase boundary potential, 𝐸𝑃𝐵, at the 

membrane/sample interface is sample dependent. The first two portions of 𝐸𝑀 can therefore 

be included into 𝐸𝑐𝑜𝑛𝑠𝑡 giving: 

   𝑒𝑚𝑓 = 𝐸𝑐𝑜𝑛𝑠𝑡 +  𝐸𝑃𝐵  (1.3)  

where EPB is the phase boundary potential of the sample/membrane interface. EPB can be 

derived though thermodynamics. The electrochemical potential of an ion, I, in the aqueous 

phase, 𝜇𝐼
′
(𝑎𝑞)

, can be described by the equation: 

  𝜇𝐼
′
(𝑎𝑞)

= 𝜇𝐼(𝑎𝑞)
+  𝑧𝐼F𝜙(𝑎𝑞)   (1.4) 

where zI is the charge of the ion, 𝜙(𝑎𝑞), is the electrical potential, F is Faraday’s constant 

and 𝜇𝐼(𝑎𝑞)
 is the chemical potential of the ion in the aqueous phase. This can be written as: 



 

 6 

   𝜇𝐼(𝑎𝑞)
= 𝜇𝐼

∘
(𝑎𝑞)

+ R𝑇 ln(𝑎𝐼(𝑎𝑞)) (1.5) 

where 𝜇𝐼
∘

(𝑎𝑞)
 is the state chemical potential, R is the gas constant, T is the temperature and 

aI(aq) is the activity of the ion, I, in the aqueous phase. Substituting (1.4) into (1.5) gives: 

   𝜇𝐼
′
(𝑎𝑞)

= 𝜇𝐼
∘

(𝑎𝑞)
+ R𝑇 ln(𝑎𝐼(𝑎𝑞)) +  𝑧𝐼F𝜙(𝑎𝑞) (1.6) 

This process can be repeated for the organic phase of the membrane, giving: 

  𝜇𝐼
′
(𝑜𝑟𝑔) = R𝑇 ln(𝑎𝐼(𝑜𝑟𝑔)) +  𝑧𝐼F𝜙(𝑜𝑟𝑔) (1.7) 

At equilibrium, the electrochemical potentials are equal; thus EPB can be calculated as the 

difference between the electrical potential of the phases, giving: 

    𝐸𝑃𝐵 = 𝜙(𝑜𝑟𝑔) − 𝜙(𝑎𝑞) =  
𝜇𝐼

∘
(𝑜𝑟𝑔)−𝜇𝐼

∘
(𝑎𝑞)

𝑧𝐼F
+

R𝑇

𝑧𝐼F
 ln (

𝑎𝐼(𝑎𝑞)

𝑎𝐼(𝑜𝑟𝑔)
)  (1.8) 

Substituting equation (1.8) into (1.3) yields: 

  𝑒𝑚𝑓 = 𝐸𝑐𝑜𝑛𝑠𝑡 +  
𝜇𝐼

∘
(𝑜𝑟𝑔)−𝜇𝐼

∘
(𝑎𝑞)

𝑧𝐼F
+

R𝑇

𝑧𝐼F
 ln (

𝑎𝐼(𝑎𝑞)

𝑎𝐼(𝑜𝑟𝑔)
)  (1.9) 

When the concentration of the ion in the organic phase remains constant, all of the sample 

independent portions of the potential are included in a new constant, 𝐸∘, giving the well- 

known Nernst equation: 

  𝑒𝑚𝑓 = 𝐸∘ +
R𝑇

𝑧𝐼F
 ln(𝑎𝐼(𝑎𝑞)) (1.10) 

Therefore at 20 °C, an ISE would ideally display a so-called “Nernstian” response slope of 

58.1 mV per 10-fold change in the activity of a monocation.13 

1.1.3 Selectivity 

1.1.3.1 Selectivity Definition 

The most important characteristic of an ISE is its selectivity towards ions. 

Selectivity is the preference for the primary ion, I, over an interfering ion, J. This is 
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controlled by two factors, the free energy of transfer, and the strength that the ionophore 

binds to the ion. The free energy of transfer is the difference of the dehydration and 

solvation energy of the ion moving from the aqueous phase of the sample to the membrane 

phase. The lower the free energy of transfer of an ion, the more favored this process is and 

therefore the higher the selectivity towards the ion. For an electrode with no ionophore, the 

selectivity follows the Hofmeister series of free energy of transfer. For a cation-exchange 

electrode this is Cs+ > Rb+ > K+ > Na+ > Li+.13 By adding an ionophore the free energy of 

transfer for the target ion is reduced, thus increasing the selectivity for that ion. 

The selectivity is quantified by the selectivity coefficient, 𝐾𝐼,𝐽
𝑝𝑜𝑡

, which is always 

less than one if the electrode has a higher selectivity for the primary ion, I, than the 

interfering (or discriminated) ion, J. This constant originated from the semiempirical 

Nicolskii-Eisenman equation, in which the activity term in the Nernst equation (1.10) is 

replaced by the selectivity-weighted activities of the two ions.   

 𝐸 = 𝐸∘ +
R𝑇

𝑍1F
ln (𝑎𝐼( 𝐼𝐽 ) + 𝐾𝐼,𝐽

𝑝𝑜𝑡𝑎𝐽(𝐼𝐽 )
𝑍𝐼
𝑍𝐽)  (1.11) 

This gives the potentiometric response of an ISE exposed to a sample containing ions I and 

J, where 𝑎𝐼( 𝐼𝐽 ) and 𝑎𝐽(𝐼𝐽) are the activities of I and J in the mixed solution. This equation 

fails, however, when the charges of the ions are not the same and both of the ions’ activities 

significantly contribute to the 𝑒𝑚𝑓, giving different results depending on which ion is 

treated as the primary ion.14 Setting equation (1.11) equal to the Nernst equation (10) can 

relate the activity of the ions in the mixture to the activity of the primary ion by itself 

giving: 
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  𝑎𝐼(𝐼) = 𝑎𝐼(𝐼𝐽) + 𝐾𝐼,𝐽
𝑃𝑜𝑡𝑎𝐽(𝐼𝐽)𝑧𝐼/𝑍𝐽 (1.12) 

If two solutions, one with only ions I and one with only ions J, give the same 𝑒𝑚𝑓 then 

𝑎𝐼(𝐼𝐽)  becomes zero and 𝑎𝐽(𝐼𝐽) is equal to 𝑎𝐽(𝐼). Therefore equation (1.12) can be 

rearranged to: 

  𝐾𝐼,𝐽
𝑃𝑜𝑡 =

𝑎𝐼(𝐼)

𝑎𝐽(𝐽)
𝑧𝐼/𝑍𝐽

 (1.13) 

The Nernst equation (1.10) can be solved for the activity of each of the ions giving: 

   𝑎𝐼(𝐼) = exp {
𝑧𝐼F(𝐸−𝐸𝐼

∘)

R𝑇
} and 𝑎𝐽(𝐽) = exp {

𝑧𝐽F(𝐸−𝐸𝐽
∘)

R𝑇
} (1.14) 

where 𝐸𝐼
∘ and 𝐸𝐽

∘ are standard potentials for ions I and J. These equations (1.14) can be 

substituted into (1.13) giving: 

  𝐾𝐼,𝐽
𝑝𝑜𝑡 = exp [

(𝐸𝐽
∘−𝐸𝐼

∘)𝑍𝐼F

R𝑇
] (1.15) 

The Nernst equation (10) can be solved for both 𝐸𝐼
∘ and 𝐸𝐽

∘ and inserted into (1.15) to give:  

  𝐾𝐼,𝐽
𝑝𝑜𝑡 =

𝑎𝐼(𝐼)

𝑎𝐽(𝐽)
𝑧𝐼/𝑍𝐽

exp [
(𝐸𝐽−𝐸𝐼)𝑍𝐼F

R𝑇
] (1.16) 

 

where 𝐸𝐼 and 𝐸𝐽 are the 𝑒𝑚𝑓 responses observed for solutions containing only I or J at the 

activity  𝑎𝐼(𝐼) or 𝑎𝐽(𝐽), respectively. When the activity of both solutions is 1 M then 

equation (1.16) reduces back to (1.15). These equations are useful for experimentally 

determining 𝐾𝐼,𝐽
𝑝𝑜𝑡

. There are two ways to experimentally determine 𝐾𝐼,𝐽
𝑝𝑜𝑡

, the separate 

solution method and the fixed interference method.1 Both of these methods should, ideally, 

give equal values for 𝐾𝐼,𝐽
𝑝𝑜𝑡

. 
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1.1.3.2 Separate Solutions Method 

In the separate solutions method the calibration curves for ions I and J are 

determined independently by using solutions only containing one of the ions. These 

calibration curves can be extrapolated to 1 M and the values of 𝐸𝐼
∘ and 𝐸𝐽

∘ can be 

determined, as at 1 M,  𝐸𝐼
∘ and 𝐸𝐽

∘ are equal to 𝐸𝐼 and 𝐸𝐽 respectively. Then 𝐾𝐼,𝐽
𝑝𝑜𝑡

 can be 

determined with equation (1.15).1, 14 The response slope for both ions I and J must be 

Nernstian to yield an accurate selectivity coefficient. 

Exposure to the primary ions before measurements of the discriminated ions can 

have a large effect on the determined selectivity coefficients, especially in highly selective 

systems where low levels of the primary ion displaced from the membrane into the sample 

solution can determine the potential at the membrane.15 This can also cause sub-Nernstian 

slopes for the discriminated ions due to the discriminated ions’ inability to fully displace 

the primary ion from the membrane. To avoid these problems when determining selectivity 

coefficients, the inner filling and conditioning solution of the electrode should therefore be 

one of the discriminated ions and the electrodes should not be exposed to the primary ion 

until after the measurements of the discriminated ions.14, 15 

1.1.3.3 Fixed Interference Method 

In the fixed interference method, the calibration curve for the primary ion, I, is 

determined in a solution with a constant background concentration of the interfering ion, 

J.14 The response in solutions containing only ions I or only ions J should be Nernstian. 

The background concentration of ion J should fall within this Nernstian response range. In 

the solution with both ions, when the concentration of I is high the response should be 
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Nernstian, at low concentrations of I the potential is constant due to the constant 

concentration from J. 𝐾𝐼,𝐽
𝑝𝑜𝑡

 can be determined by the fixed interference method by using 

the equation:  

  𝐾𝐼,𝐽
𝑝𝑜𝑡 = 𝑎𝐼( 𝐷𝐿 )/𝑎𝐽(𝐵𝐺 )

𝑍𝐼
𝑍𝐽   (1.17) 

where 𝑎𝐼( 𝐷𝐿 ) is the activity of the primary ion I at the detection limit. This is determined 

by extrapolating the Nernstian portion of the plot to the 𝑒𝑚𝑓 of the background 

interference, and 𝑎𝐽(𝐵𝐺) is the activity of the interfering ion J in the background (Figure 

1.2). This method is particularly useful for determining the selectivity for pH electrodes as 

the response to the interfering ions can only be determined in the presence of the analyte. 

The complement of the fixed inference method is the fixed primary ion method. The 

underlying principles for this method are the same as for the fixed inference method, the 

difference being that the primary ion’s concentration is held constant and the concentration 

of the interfering ion is varied.4   
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Figure 1.2: Example of fixed interference method: the blue line denotes the electrode’s 

response at various concentrations of the primary ion, I. The dashed lines represent the 

extension of the linear portion of the Nernstian range (red) and the potential at the 

detection limit (green). 

 

1.1.4 Membrane Components 

1.1.4.1 Polymer Matrix and Plasticizer 

The main component of the membrane is the polymer matrix. The main purpose of 

the polymer is to provide the mechanical support of the membrane.1 Polyvinylchloride 

(PVC) is the most popular polymer for use in ISE membranes due to its stability.1 Other 

polymers such as polyurethane, silicone rubber and polyacrylates are popular as well; see 

Figure 1.3 for structures.16-19 The glass transition temperature (𝑇𝑔) is an important property 

of polymers used as ISE membranes. At or below the glass transition temperature (𝑇𝑔) the 

polymer is hard, rigid and amorphous. Only some polymers have a glass transition 

temperature, but other polymers may crystallize. Above this temperature the polymer is 
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soft and flexible.20 Although many of the physical properties of the polymer are like that 

of a solid, on a molecular scale the polymer is more like a liquid. Several factors influence 

the 𝑇𝑔 of a polymer. For example, increased backbone flexibility decreases 𝑇𝑔, large rigid 

side chains increase 𝑇𝑔 and polymers with weak interactions tend to have a lower 𝑇𝑔.21 The 

glass transition temperature can also be lowered by adding low molecular weight 

molecules, called plasticizers. For a polymer to be used as an ISE membrane its 𝑇𝑔 must 

be below the operating temperature of the ISE to allow for the ionic species to move 

through the membrane allowing for suitable conductivities.20 If the 𝑇𝑔 is too high above the 

operating temperature, the electrical resistance will be too large for the material to be used 

with an ISE. For example it has been shown in the literature that near the 𝑇𝑔 the electrical 

resistance of poly(methyl methacrylate) membrane drops by six orders of magnitude.22  

 

Figure 1.3: Commonly used polymers for ISEs. 

 

 If the 𝑇𝑔 of the polymer is too high, a plasticizer may be used to lower it to an 

appropriate value. Plasticizers are low weight organic molecules which must be soluble in 

the membrane. They should also have a high boiling point to avoid evaporation.1 The 

plasticizer should be free of functional groups that could bind with ionic species, as this 
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would affect the selectivity of the membrane.1 The polarity of the plasticizer can also affect 

the selectivity of the membrane, so this should also be taken into account when choosing a 

plasticizer.1 For these reasons the selectivity coefficients of ISEs made with PVC and 

different plasticizers, such the commonly used o-nitrophenyl octyl ether (o-NPOE), dibutyl 

sebacate (DBS), chloroparaffin, or dioctyl sebacate (DOS)—see Figure 1.4 for structures—

can vary by orders of magnitude.1,23 Typically the plasticizer will make up the majority of 

the membrane; often the sensor has optimal properties when the weight percent of the 

membrane that is plasticizer is about 66%, while the PVC is only about 33%.1, 24 Other 

polymer systems have also been used, such as silicone rubber or acrylate copolymers, 

which do not need plasticizers to function due to the suitable glass transition temperature 

of these polymers.16, 25 The choice of plasticizer also effects the working range of the 

electrode. However, it is not simply determined by the polarity of the plasticizer, but also 

complexation of the ions by the plasticizer and or ionic sites.1 For example, the working 

range of pH selective sensors made with PVC plasticized with o-NPOE in a 0.1 M KCl 

background is larger than that of membranes made with PVC plasticized with the less polar 

DOS.26, 27   

 

Figure 1.4: Commonly used plasticizers for ISEs. 
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1.1.4.2 Ionic Site 

Ionic sites provide the ion exchange capabilities of the membrane and reduce the 

resistance of the membrane. They serve as the counter ion for the analyte ion, causing the 

membrane to have permselectivity and stopping counter ions from entering the membrane 

in significant quantities. This is often referred to as Donnan exclusion.1, 28 Ionic sites keep 

the total ion concentration in the membrane constant over the linear range of the electrode, 

allowing for the Nernstian response. In ionophore-free membranes and membranes with 

electrically neutral ionophores anionic sites are used to create ISEs that are selective to 

cations and cationic sites are used to create ISEs that are selective to anions. The ionic sites 

should not significantly interact with the analyte or interfering ions, as to not affect the 

selectivity of the sensor. Tetraphenylborate derivatives are commonly used to create 

sensors that respond to cations, and tetraalkylammonium salts are commonly used for 

sensors that respond to anions, see Figure 1.5.1 The ion sites must be highly lipophilic so 

that they do not leach out of the ISE membrane into the sample solution. Ionic sites with 

low lipophilicity will limit the lifetime of the sensor. Covalently attaching the ionic sites to 

the polymeric substrate has been shown to increase the lifetime of the sensor, due to 

reduced leaching of the ionic sites into the sample solution.1, 29  

 

Figure 1.5: Commonly used lipophilic ionic sites, anionic site (left), cationic site (right). 
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1.1.4.3 Ionophore 

Ionophores determine the selectivity of the ISE by reducing the free energy of 

transfer of the target ion from the sample solution into the membrane.13 Ionophores ideally 

selectively bind the target ion. This binding can occur by ion–dipole interactions, hydrogen 

bonds, ligation to metal cations, and the formation of covalent bonds.4 The ionophore must 

be soluble in the polymer membrane, and should strongly yet reversibly complex with the 

ion of interest. A greater selectivity improves the detection limit of the ISE. It does not, 

however, necessarily improve the working range of the electrode. Very strong binding of 

the ion can result in interference due to the co-ion extracting into the membrane. This is 

referred to as Donnan failure.30  

The ratio between the ionic site and the ionophore also has an important effect on 

the selectivity of the sensor. The ideal ratio is determined by the stoichiometry in the 

formed complex between the target analyte and the ionophore, the charge of the analyte 

ion, as well as the stoichiometry in any formed complex between any interfering ions and 

the ionophore and the charge of the interfering ion.1  In cases with neutral ionophores the 

concentration of the ionophore should be higher than that of the analyte ion that can transfer 

into the membrane which is determined by the ionic site concentration. This allows for a 

majority of the target ion in the membrane to exist in its complexed form. Generally, if the 

target ion complexes with multiple molecules of the ionophore a higher amount of 

ionophore will be needed.4  The ionophore only makes up a small amount of the membrane, 

typically only about 1% by weight.1 Both neutral and charged ionophores have been 
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utilized in ISEs. However, it should be noted that in many cases when using charged 

ionophores the added ionic sites should have the same charge sign as the analyte ion, the 

opposite of ISEs made with neutral ionophore and ion-exchangers, to ensure that the 

analyte ion will be predominantly in its complexed form. However, there are some 

situations, such as a primary divalent ions and an interfering monovalent ions both 

complexing in a one-to-one ratio with the ionophore, where sites with the same charge as 

the primary ion should be used to give the best selectivity.1, 31 

Covalently attaching the ionophore to the polymeric substrate has been shown to 

increase the lifetime of these sensors due to inhibition of leaching of the ionophore into the 

sample solution, as well as improving the detection limit of the sensor by reducing ion 

fluxes.1, 29, 32 

1.1.5 Harsh Sample Matrixes for Ion-Selective Electrode Measurements 

1.1.5.1 Biofouling 

Biofouling occurs when ISEs are exposed to biological samples such as blood, urine 

or cheese. It causes a loss of selectivity, increases signal drift, and reduces the lifetime of 

the ISE.33 This effect is due to partitioning of neutral lipophilic compounds into the 

membrane of the ISE and the leaching of membrane components, such as the ionic site, 

ionophore and plasticizer, into the sample media, as well as by adsorption of cells or 

proteins onto the membrane.33, 34 Biofouling limits the use of ISEs in fields such as 

manufacturing and food processing. For example, when an ISE is exposed to cheese, a 

decrease in the selectivity of H+ ISE by up to 4 orders of magnitude has been observed and 

when a K+ ISE made with commercially available K+ ionophore, valinomycin, was exposed 
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to urine a 6-fold increase in Na+ interference was observed.33, 35 While most neutral 

compounds do not cause interference in potentiometric sensors, those that are highly 

lipophilic can. Several of these compounds can be found in urine. Chloroparaffin-PVC ion-

exchangers that have been exposed to urine extracts have been shown to have observed 

drifts of 240 mV over a 3 hour time period.33 pH modification experiments have shown 

that these interferents are basic compounds that are extracted as neutral species and 

interfered as cationic species.36 

One method that has been shown to be effective at reducing biofouling in urine is 

to remove the interfering compounds using several extraction techniques before 

measurement; this reduced the signal drift and improved selectivities when compared to 

the pure urine.37 However removing the compounds is not always ideal, practical or 

possible, such as when dealing with inline manufacturing or if using ISEs as long term 

implantable sensors. Sensors utilizing polymeric membranes (silicone rubber, PVC or 

polyurethane) that continually release nitric oxide have been shown to reduce blood platelet 

adhesion as well as the formation of fibrous tissue around the sensors.38, 39 Covalently 

attached ionic sites and ionophores have been shown to improve the lifetime of sensors as 

they stop leaching of the membrane components into the lipophilic biological media.29, 40, 

41 It has also been shown that buffering the inner filling solution at a biologically relevant 

pH can help substantially reduce the drift due to some inferents, such as cholic acid.42 In 

some cases, ISEs made with higher polarity plasticizers, such as o-NPOE, have higher drift 

due to charged species (proteins) adsorbed on the electrodes’ surface during blood serum 

measurements than those made with lower polarity plasticizers, such as DOS.1, 23 The use 
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of ISEs with fluorous membranes looks to be a promising way to reduce the effects of 

biofouling; this will be covered in more detail in a later section.  

1.1.5.2 High Temperature Measurements 

 Polymeric membrane ISEs are most typically used at ambient temperatures. 

Plasticized PVC membrane ISEs are not often used in applications with temperatures 

higher than 50 °C, although they have been on rare occasions used in systems as hot as 70 

°C.43-45 ISEs are likely not utilized at elevated temperatures due to weakening of the 

mechanical strength of the membrane, increased leaching of membrane components due to 

decreased viscosity of the membrane and increased solubility of the components in water, 

or thermal degradation of membrane components. Covalently attaching membrane 

components, as well as utilizing membranes that are plasticizer free or cross-linked may 

help improve the performance of ISEs at high temperatures. 

 At high temperatures the response slope of ISEs increases as described by the 

Nernst equation (Equation 1.10). It should be noted that the phase boundary potentials that 

make up E° are also dependent on temperature, and it is unlikely that the temperature 

response is consistent throughout the entire electrochemical cell. Therefore it is easy to 

predict the change in emf due to change in concentration when the temperature is constant, 

but difficult to predict the change in emf due to temperature change when the concentration 

is constant.         

1.1.5.2 Organic solvents  

 While polymeric ISEs have found broad use in aqueous systems, their use in 

organic solvents has been rather limited; most potentiometric measurements in organic 
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liquids are performed with glass or crystalline electrodes.46 The main difficulty with 

measuring in organic liquids with polymeric ISEs is the leaching of membrane components 

into the sample media, as well as weakening of the membrane due to swelling with solvent. 

Plasticizers used for most ISEs are miscible with many organic liquids. Use of polymeric 

ISEs based on PVC in organic solvents are limited within most of these reports to 

measurements in water/alcohol mixtures, usually with less than 50% alcohol.45, 47-49 There 

have been several reports of electrodes based off silicone rubber for anions that have 

measured ions in 90% alcohol/water mixtures, 40% isopropanol/water mixtures, 60% 

acetone/water and 60% DMF/water mixtures. However, above these values the silicone 

rubber swells continuously and does not give a satisfactory response.17, 46 ISEs for CN- and 

F- based on poly(acrylamide) showed Nernstian responses in propylene carbonate, 

acetonitrile, N,N-dimethylacetamide and N,N-dimethylformamide.50 The success of these 

sensors is likely due to several factors that prevent the leaching of membrane components 

into the organic solvent. They do not utilize a plasticizer, and the ionophore and ionic sites 

are covalently attached to the polymer. Highly cross-linked polymers may be suitable for 

use in organic solvents as they are less likely to be soluble in these media. 

 The activity of ions is much more difficult to accurately calculate in organic 

solvents than in water. Of the many methods available for determining activity, only the 

most simple, the Debye–Hückel limiting law, is suitable for solvents other than water. This 

in turn causes difficulty in predicting changes in the liquid junction potential between the 

sample and reference electrode. This liquid junction potential can be quite large if the 

sample solvent and the solvent used in the bridging solution of the reference electrode are 
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not the same.46  Therefore it is recommended that the same solvent be used for both, 

although this is not always possible if the reference electrode is incompatible with the 

solvent. Calibrations in organic liquids can be affected by extraction of impurities from the 

organic solvents into the sample membrane.46 

1.1.5.4 Donnan Failure  

  When measuring in samples containing hydrophobic co-ions with ISEs, deviation 

from linearity at the upper detection limit occurs; this is known as Donnan failure.51, 52 

Many real world samples contain organic hydrophobic co-ions, such those of biological 

origin, limiting the use of ISEs in many applications. Donnan failure can be looked at in 

two different ways, the failure of co-ion exclusion from the membrane caused by the high 

lipophilicity of the co-ion, or high levels of salts consisting of the analyte ion and a co-ion 

in the membrane exceeding the ion exchange capacity of the membrane.11, 52 Ionophores 

which tightly bind the analyte ion can lead to coextraction at high primary ion 

concentrations in the sample, increasing Donnan failure.1 Once all of the ionophore is 

bound to primary ions the membrane contains ionophore–primary ion complex which can 

act as lipophilic ionic sites, and extract sample co-ions. The membrane is now 

permselective towards the co-ions giving the electrode a response to co-ions; see Figure 

1.6. This limits the ability to use ionophores that bind the target ion extremely strongly. 

The makeup of the membrane and therefore, in many cases, the plasticizer used, also has 

an effect on the extent of Donnan failure, with more polar plasticizers more likely to suffer 

from Donnan failure.1  
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Figure 1.6: Depiction of response of cation selective ISE suffering from Donnan failure, 

i.e., showing response to co-ions at high activities. 

 

1.2 Fluorous Membrane ISEs 

1.2.1 Fluorous Compounds 

Perfluorinated compounds have an extremely low polarity and polarizability.53 This 

is shown well by the π* scale for solvent polarity and polarizability, where cyclohexane 

defines 0, dimethyl sulfoxide defines 1, and water has a value of 1.09.53 Perfluorinated 

compounds have negative values on this scale, such as perfluorotributylamine at -0.36 or 

perfluorooctane at an even lower -0.41.53 This is due to the symmetry of the molecules and 

the extremely low polarizability of C-F bonds resulting from the high electronegativity of 

fluorine. These compounds have such low polarizabilities and polarities that they are not 

only immiscible with water but also many lipophilic compounds, such as hydrocarbons. 

The term “fluorous” is often used when these compounds are immiscible with their 

hydrocarbon counterparts.54 The term “fluorophilic” refers to compounds that 
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preferentially solvate in the fluorous phase. Fluorophilic ions that allow for electrochemical 

experiments to be readily preformed in the fluorous phase have only fairly recently been 

developed.55-57   

 Fluorous polymers tend to have good thermal and chemical stability as well as low 

surface energy, relative permittivity, refractive indices, friction coefficients and dielectric 

constants.58-61 This has led to a wide variety of uses for fluorous polymers and small 

molecules, including uses in biomaterials, batteries, coatings, contact lenses, drug delivery, 

electronics, fiber optics, full cells, lubricants and surfactants.62-66 A variety of 

polymerization techniques can now be used to create fluorous polymers, narrow 

distribution of molecular weights.67   

1.2.2 Fluorous Membrane ISEs 

Recently, fluorinated polymers have been used as membranes in ISEs.68 These 

fluorous membrane ISEs not only hold promise to reduce the effect of biofouling, but to 

also greatly improve selectivities over conventional PVC sensors. Interfering lipids and 

proteins are unable to dissolve in the extremely low polarity of the fluorous phase, 

preventing them from reducing the selectivities. Several ionophores that are soluble in the 

fluorous phase have been developed and used in ISEs; see Figure 1.7. Fluorous membrane 

ISEs have utilized both neutral and charged ionophores.69, 70 Current fluorous membrane 

ISEs have been used to detect Ag+, and carbonate, as well H+ for pH measurements.69-71 

Fluorous ion-exchange electrodes have been used to measure perfluorinated acids such as 

perfluorocarboxylates and perfluorosulfonates.55, 72,73 Ion pair formation in fluorous 

membrane based ISEs has been shown to be very strong, with ion pair formation constants, 
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Kip (M
-1), five orders of magnitude larger than that of values previously reported organic 

solvents.68 The main strategy employed for creation of the fluorophilic salts and 

fluorophilic ionophores is to attach several perfluoroalkyl chains, often referred to as 

ponytails, to existing suitable salts and ionophores. Both fluorophilic anionic and cationic 

sites have been synthesized to create sensors that respond to cations and sensors that 

respond to anions, see Figure 1.7.55, 70, 72, 74 Fluorophilic electrolytes have also been 

synthesized, see Figure 1.7, and can be used to reduce the electrical resistance of the 

fluorous membrane, which is often quite high.72, 74 Most of these membranes have utilized 

liquid compounds such as perfluoroperhydrophenanthrene or a linear perfluorooligoether 

as the main component of the membrane, however plasticized Teflon AF has been used as 

well.68, 69, 75 
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Figure 1.7: Fluorophilic membrane components: anionic site (top left), cationic site 

(middle left), electrolyte (bottom left), Ag+ ionophore (top right), H+ ionophore (middle 

right), and CO2
- ionophore (bottom right). 

 

1.2.3 Fluorous ISEs and Selectivity 

Fluorous membrane ISEs have been shown to have improved selectivity 

characteristics compared to those of other lipophilic ISEs due to their low polarity. 
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Fluorous ion-exchange electrodes have shown extremely broad selectivity ranges (16 

orders of magnitude) compared to that of more traditional lipophilic membranes based on 

PVC (8 orders of magnitude).68 This is due to the high free energy of transfer for ions into 

the fluorous phase compared to more lipophilic membranes.68 Because of the high transfer 

energy of hydrophilic ions, fluorous membrane ion-exchange electrodes have very high 

selectivities for fluorous ions such as perfluorooctanoate and perfluorooctanesulfonate, and 

can be used to measure trace amounts of these compounds in environmental samples.73 

Fluorous membrane ISEs utilizing fluorophilic ionophores have also shown excellent 

selectivity coefficients. An ISE for pH measurement based off of a fluorous membrane 

with the H+ ionophore, [CF3(CF2)7(CH2)5]3N showed selectivities that were greater than 

those of an equivalent non-fluorous ISE, and were of the same order of magnitude as the 

best ionophore-based sensor for pH that has been developed.71 Fluorous membrane ISEs 

for silver and carbonate have shown some of the best selectivities for these ions as well.69, 

70 For example, a fluorous membrane based Ag+ ISE has shown logarithmic selectivity 

coefficients of -9.4, -11.6, -12.9 and -13.0 versus Cs+, K+, Na+, and Cu+2, respectively.69 

This sensor has also shown very low limits of detection, 4.1 ppt.69 

1.2.4 Fluorous ISEs and Biofouling 

 Fluorous membranes show great promise for reducing the effects of biofouling. 

Their extremely low polarity should reduce the amount of species that can adsorb on the 

surface of the membrane. Compounds that are prevalent in biological samples, such as 

amino acids, carboxylic acids, and sugars have low solubilities in fluorous compounds.76 

The solubility of linear alkane alcohols in fluorous solvents has been shown to drop with 
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increasing chain length.36 Fluorous membrane ISEs have been shown to have much lower 

drift when exposed to extracts from urine than ISEs with lipophilic PVC based sensing 

membranes.36 Fluorous ISEs have also been used to monitor silver ion concentrations in 

bacteria growth media while monitoring silver nanoparticle toxicity, as well as to show the 

effect that natural organic matter plays in this process due to its ability to complex silver 

ions.77, 78        

1.2.5 Limitations of Fluorous Membranes ISEs  

The majority of these sensors depend on a fluorous liquid membrane, such as 

perfluoroperhydrophenanthrene or a linear perfluorooligoether, supported on a porous 

Teflon disk.71, 72 However, this limits the mechanical stability and life time of the 

membrane, thus hampering the development of a miniaturized version of the electrode 

which would be needed if the ISE was to be used for long term implantable sensors inside 

the body. The development of a self-supported fluorous membrane ISE would aid in 

miniaturization of the ISE. This would open a variety of new possible ways to use and 

implement ISEs with fluorous membranes, such as printing the membrane for micro 

fabrication.  As mentioned above, plasticized Teflon AF has been used as an ISE 

membrane, however the selectivity of these sensors has been limited by impurities in those 

membrane.75   

Currently, fluorous electrodes rely on the use of fluorophilic ionophores to achieve 

selectivity toward specific ions. Therefore, there is not a wide selection of suitable 

ionophores available, limiting their use to certain ions, unlike sensors that make use of the 

traditional lipophilic ionophores, which have been more thoroughly explored and are 
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available for a wide range of ions.13 The range of fluorophilic ionophores could be 

expanded but this would require significant work in ionophore development. Also while 

both fluorophilic cationic and anionic sites have  been developed, membranes made with 

the existing phosphonium cationic sites suffer from a short lifetime due to decomposition 

of the phosphonium ion in alkaline solutions.55 This also limits the development of 

miniaturized fluorous ISEs, as a better fluorous electrolyte is needed to maintain 

sufficiently low resistance that is necessary for the sensors to function.  

 

1.3 Polymers for ISEs 

1.3.1 Molecular Weight 

 An important aspect when characterizing polymers is the molecular weight of the 

polymers. Synthetic polymers are synthesized in a method that results in molecules with 

varying degrees of polymerization, the number of repeat units in the polymer. Therefore 

the average molecular weight of the polymers in a given sample is always reported. There 

are two types of averages, the number-average molecular weight (𝑀𝑛) and the weight-

average molecular weight (𝑀𝑤). 𝑀𝑛  is defined as the sum of the mole fractions of polymers 

with a degree of polymerization i (𝑥𝑖) times the mass of polymer chains with the degree of 

polymerization i (𝑀𝑖); it can also be described as the sum of the number of polymers of a 

certain degree of polymerization (𝑛𝑖) times the mass of a polymer of that degree of 

polymerization divided by the total number of polymers (18). This average would be 

achieved by picking each polymer and determining its molecular weight, and is the 

characteristic molecular weight for when the number of polymers is important. 𝑀𝑤 is 
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defined as the weight fraction of polymers with a degree of polymerization i (𝑤𝑖) times the 

mass of a polymer with the degree of polymerization i; it can also be described as the sum 

of the number of polymers of a certain degree of polymerization times the mass of a 

polymer of that degree of polymerization squared, divided by the sum of the number of 

polymers of a certain degree of polymerization (𝑛𝑖) times the mass of a polymer of that 

degree of polymerization (1.18). This average would be obtained by picking a repeat unit 

at random and determining the molecular weight of the polymer it is a part of and is the 

characteristic molecular weight for when the size of the polymers is important. 

   𝑀𝑛 = ∑ 𝑥𝑖𝑀𝑖 =𝑖
∑ 𝑛𝑖𝑀𝑖𝑖

∑ 𝑛𝑖𝑖
          𝑀𝑤 = ∑ 𝑤𝑖𝑀𝑖 =𝑖

∑ 𝑛𝑖𝑀𝑖
2

𝑖

∑ 𝑛𝑖𝑖 𝑀𝑖
 (1.18) 

 𝑀𝑛  and 𝑀𝑤 together give information on the distribution of the size of the polymers, 

or the polydispersity. The polydispersity index (PDI) is the ratio of 𝑀𝑤 to 𝑀𝑛. 

   PDI =
𝑀𝑤

𝑀𝑛
 (1.19) 

As 𝑀𝑤 is always greater then 𝑀𝑛, the minimum value of the polydispersity index is one 

and would occur when all of the polymers are the same size. Polymer distributions with 

polydispersity indexes greater than 2 are considered broad and polymer distributions with 

polydispersity indexes less the 1.5 are considered narrow; however polymer distributions 

with PDI below 1.1 can be achieved.21  

 Common ways to determine the molecular weight of polymers include matrix-

assisted laser desorption/ionization-mass spectrometry (MALDI-MS), end group analysis 

and size exclusion chromatography (SEC).21 MALDI-MS can be used to determine both 

𝑀𝑛 and 𝑀𝑤 of polymers. Due to their extremely low polarity, fluoropolymers are more 

difficult to analyze by MALDI then most polymers.79 Few matrixes have been shown to be 
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effective for analyzing fluoropolymers with MALDI-MS, however gentisic acid (DHB) 

has shown to be an effective matrix, allowing for a strong signal to be obtained.79 

 End group analysis can be used to determine the Mn
 of the polymers. This is most 

often done by comparing the ratio of a 1H-NMR signal from the polymer end group and a 

signal from the repeat unit.21 This can be difficult for polymers with high molecular weight 

due to the small signal from the end group compared to the repeat unit or when there is 

peak overlap. Also, this method gives no information on Mw.      

SEC  can also be used to determine the molecular weight of fluorous polymers.80 

In SEC, polystyrene standards are often used to calibrate the column; therefore, all 

molecular weight data will be relative to polystyrene. The 𝑀𝑛 values obtained by SEC will 

likely be affected by the differences in the hydrodynamic radius of the fluorous polymer 

and polystyrene in the solvent.21, 80 Fluoropolymers are not likely to be soluble in most 

common solvents due to their fluorous nature. Unfortunately, most fluorous solvents are 

prohibitively expensive for use in chromatography. One possible solvent for 

fluoropolymers is supercritical carbon dioxide, as fluorous polymers tend to be soluble in 

it, and it has been used as a solvent for SEC before; however, such a system would be 

difficult and time consuming to set up.81, 82  

1.3.2 Polymerization 

There are many different methods of polymerization, including condensation 

reactions, free radical polymerization, stable free radical polymerization, anionic 

polymerization, and atom transfer polymerization. Anionic, stable free radical, and atom 

transfer polymerization are types of living polymerizations.21 A living polymerization is a 
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chain-growth polymerization which ideally occurs without irreversible chain-termination 

or chain transfer reactions.83 Living polymerizations can be used to create polymers with 

low polydispersity indexes (often less than 1.04) as well as block-copolymers, graft and 

star polymers.84-87  

While living polymerizations are very useful, the simpler free radical 

polymerization is sufficient for many applications, such as when the polydispersity is not 

very important or well-defined polymeric structure is not needed. This type of 

polymerization is widely utilized in industry, making up a large amount of produced 

polymers. 40 billion of the 110 billion pounds of polymers made in the United States were 

formed by free radical polymerization in 2001.88 In free radical polymerization, an initiator 

is used to start the polymerization by forming radicals which react with monomers.21 These 

monomers then gain a radical and then react with another monomer, adding to the polymer 

chain (Figure 1.8, top). This process, called propagation, continues, causing the chain to 

grow until termination occurs. Free radical polymerization is not a living polymerization 

technique, meaning that the active polymer chains can self-terminate, leading to much 

larger polydispersity than a living polymerization. Termination can occur in several ways. 

The first, called combination, is when two polymer chains with radicals react with each 

other to form one chain (Figure 1.8, middle). The second, called radical disproportionation, 

is when two polymer chains with radicals react with each other and one chain abstracts a 

hydrogen from the other, leaving no radicals; one chain is left with a saturated end group 

and the other one with an unsaturated end group (Figure 1.8 bottom). These two types of 

termination can also occur with the initiator. If all termination occurred by combination, 
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the polydispersity would be 1.5. If it all occurred by disproportionation then the 

polydispersity would be 2.21 For these reactions, the chain length, and therefore the average 

molecular weight, of the polymer is directly proportional to the monomer concentration 

and inversely proportional to the inverse of the square root of the initiator concentration, 

as shown by the kinetic chain length, 𝑣̅:21  

𝑣̅ =
𝑘𝑝[M]

2(𝑓𝑘𝑡𝑘𝑑[I])1/2
                                                    (1.20) 

where 𝑘𝑝 is the rate constant for polymerization, 𝑘𝑡 is the rate constant of 

termination,  𝑘𝑑 is the rate constant for the decomposition of the initiator, f is the fraction 

of initiator that reacts with the monomer (initiator efficiency), [M] is the concentration of 

the monomer and [I] is the concentration of the initiator. The higher the monomer 

concentration the more likely the radical chains are to react with them before terminating, 

increasing the average length of the polymer chains. Increasing the initiator concentration 

increases the number of radical chains, giving the chains less time to react with monomers 

before they self-terminate, decreasing the molecular average length of the polymer. The 

final method of termination is reaction with impurities or inhibitors which are purposefully 

added to give short chain lengths. 
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Figure 1.8: Example scheme of polymer chain propagation (top), termination by 

combination (middle), termination by disproportionation (bottom). 

 

 The radical chains can undergo another processes during propagation called chain 

transfer. In chain transfer, the radical is transferred from the growing chain to either a 

monomer, unreacted initiator, solvent molecule or compounds added to promote chain 

transfer, by extraction of hydrogen or other atoms. The polymer chain is then terminated 

and the radical, now on a monomer, initiator, or solvent molecule, can continue to grow a 

new polymeric chain. Chain transfer can also occur with other polymeric chains, resulting 

in one terminated chain and one branched chain. The radical chain can also chain transfer 

to a different part of the chain, resulting in a branched polymer; this process is referred to 

as back biting. The rate of chain transfer is dependent on the structure of monomer, 

polymer, initiator and the solvent molecules. Chain transfer reduces the molecular weight 
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of the polymer and increases polydispersity. Branching does not reduce the average 

molecular weight, but creates polymers with low density and increased polydispersity. The 

kinetic chain length taking chain transfers into account can be described by the following 

equation:21 

1

𝑣̅𝑡𝑟
=

1

𝑣̅
+ ∑ 𝐶RX

[RX]

[M]
                                                (1.21)

all RX

 

where  𝑣̅𝑡𝑟  is the kinetic chain length taking into account chain transfer, 𝑣̅ is the kinetic 

chain length without chain transfer described by equation (1.20), [M] is the concentration 

of monomer, [RX] is the concentration of the species that the radical is transferred to 

(solvent, initiator, monomer, etc.), and CRX is the chain transfer constant. CRX is the ratio 

of the rate constants for transfer to the specific species RX, ktr,R, and the rate constant of 

polymerization, kp. These values vary from system to system and should be determined 

experimentally on an individual basis for each system.  

Many types of monomers can be polymerized by radical polymerization. A wide 

array of initiators are available. A popular initiator azobisisobutyronitrile (AIBN) can form 

radicals both when heated (thermal decomposition) and when exposed to UV-light 

(photolysis).21 Also, the end groups formed by this initiator should not significantly interact 

with most ions and, therefore, should not affect the selectivity of ISEs with polymers made 

from this initiator. It is often used in polymerization of polymers for ion-selective 

electrodes.16    

1.3.3 Cross-Linked Polymers 

Cross-linked polymers are polymers were the polymer chain has been connected by 

covalent bonds, or other strong interactions, to form an interconnected network. Increasing 
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the extent of crosslink causes an increase in the glass transition temperature, however the 

magnitude of this change differs depending on the type of cross-links that are formed.89 A 

cross-linked polymer with a glass transition temperature below room temperature is called 

an elastomer. It is usually soft, deformable, and elastic. The long chains of the polymer 

allow it to reconfigure itself, distributing an applied stress. The cross-linkages allow it to 

return back to its original configuration when this stress is removed.21 A common example 

of an elastomer is a rubber band. A cross-linked polymer that is rigid is called a thermoset.21 

Epoxy adhesive is an example. When the polymer is highly crosslinked so that it contains 

no unconnected polymer chains and forms a network extending through the entire bulk 

material, it is refer to as a rubber.21 If this polymer is highly crosslinked so that the network 

extends through the entire bulk material but there are still significant amounts of solvent 

or low molecular weight polymer chains, it is called a gel. Gels can be swelled with solvents 

allowing them to find many uses, such as hot melt adhesives, soft contact lenses and 

absorbents. Higher amounts of crosslinking reduce the amount the gel can swell.21 

 Cross-linked polymers have been used as ISE membranes. Cross-linked 

methacrylate polymers have been used to create ISEs that can be microfabricated using   

photolithography.90 Cross-linked polymers have been used in ISEs for poly-ions, such as 

heparin.91 The cross-linking allows for control of the viscosity and therefore the diffusion 

through the membrane. This is important for polyion ISEs because of their nonequilibrium 

response, which is dependent on the diffusion of the polyion, and is used to determine the 

concentration of the ions.   
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1.4 Hydrophilic High Capacity Ion-Exchange Electrodes (HHCEI) 

1.4.1 Composition of Hydrophilic High Capacity Ion-Exchange (HHCEI) 

Membranes  

Ion-exchange resins were first developed in the 1930s for ion-exchange 

separations.92 They are commonly used in electrodialysis, fuel cells, separations and 

batteries.93 They are also sometimes referred to as hydrophilic high capacity ion-exchange 

(HHCEI) membranes, ion-exchanger based Donnan exclusion  membranes (IEDEM), or 

as simple ion-exchange resins.94, 95 Today, most hydrophilic high-capacity ion-exchange 

membranes used consist of an often highly cross-linked polymer to which ion-exchange 

sites (often referred to as ionic sites) are covalently attached. These membranes contain a 

high concentration, often greater than 1 mol equivalent per kg, of ion-exchange sites. This 

makes the membranes hydrophilic and gives them a low resistance. Due to the high 

concentration of ion-exchange sites, the polymer self assembles to form nanometer-scale 

pores or channels with high charge density, which swell with solvent.93, 96 The size of these 

pores varies based upon the degree of cross-linking, with high crosslinking resulting in 

smaller pore sizes.93, 95, 97 Sulfonate groups are commonly used as anionic sites, and 

tetraalkylammonium groups are often used as anionic sites.93, 95   

 1.4.2 Hydrophilic High Capacity Ion-Exchange (HHCIE) Electrodes in Sensing 

HHCIE membranes were used to potentiometrically measure ion concentrations in 

aqueous samples as early as the 1950s.98, 99 As the state of solvation of the exchangeable 

ions is very similar in the nanopores and in the sample solutions, HHCIE membranes 

exhibit a very narrow range of selectivity, as the free energy of transfer for most ions into 
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the pores is close to the same.94 HCCIE membranes’ use in potentiometric sensing was 

greatly reduced with the development of lipophilic ion-exchange membranes, such as those 

based on plasticized PVC. These lipophilic membranes which have broader selectivity 

ranges due to differences of free energy of transfer of ions into the membrane, which can 

easily be modified to be selective toward a target ion with the addition of ionophores to the 

membrane making them very useful in many applications. However, recently there has 

been some renewed interest in using HCCIE membranes in potentiometric sensing. Due to 

their narrow selectivity ranges, HHCIE based sensors don’t suffer from interference from 

low concentrations of lipophilic ions like those based on lipophilic membranes do. Also, 

they suffer less from biofouling because their ionic sites are covalently attached to the 

polymer.  Commercially available HHCIE membranes have recently been used to prepare 

potentiometric sensors for the measurement of chloride in blood.94 Their low resistance 

also makes them useful in chronopotentiometry, where they have been used as both a 

working electrode in blood and as a counter electrode.100, 101 

 

1.5 Reference Electrodes 

1.5.1 General Characteristics of Reference Electrodes 

Reference electrodes are critically important to electrochemical measurements. To 

have an accurate and precise electrochemical sensor, a stable reference electrode is 

necessary. They must be insensitive to any changes in the sample solution and maintain a 

constant potential. A reference electrode needs to be non-polarizable, meaning that if 

current passes across the electrode/electrolyte interface, this should cause no change in the 
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potential.   It should also have high current exchange density.  These features allow for the 

exchange of charges at the interface of the electrode without significantly affecting the 

potential. The electrode should also be resistant to potential fluctuations caused by random 

charge injection at the interface.102 The reaction of the electrode should have fast kinetics 

so that it can quickly reach equilibrium. The potential given by the electrode should have 

a low temperature dependence. The solution in contact with the reference electrode should 

be saturated so that the potential, which is determined by the concentration of ions in the 

solution, does not change due to solution evaporation. The absolute potential of an 

electrode (half-cell) cannot be measured. Therefore, the potential of the standard hydrogen 

electrode has been arbitrarily defined as zero and potentials are often reported relative to 

this.  

1.5.2 Ag/AgCl Reference Electrodes 

Ag/AgCl chloride reference electrodes are popular choices for reference electrodes 

used in potentiometric systems. They are much easier to maintain than the more traditional 

standard hydrogen electrode or saturated calomel electrode. They also have the benefit of 

suffering less from fouling than the standard hydrogen electrode, which can foul easily due 

to the high adsorption activity of the platinum electrode, and do not contain toxic 

components such as mercury in the saturated calomel electrode. These electrodes are often 

comprised of a Ag/AgCl wire immersed into a AgCl-saturated KCl-saturated solution 

connected to the sample by a salt bridge. The potential of the electrode is determined by 

the following redox reaction: 

AgCl(𝑠) + 𝑒− → Ag(𝑠) +  Cl(𝑎𝑞)
−                                       (1.22) 
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In this reaction, the concentration of reactive species, Cl-, determines the potential 

as described by the Nernst equation.103 When the filling solution is saturated with Cl-, 

current flow does not significantly affect the concentration, resulting in high potential 

stability. Under these conditions at 25 °C, 0.199 V is the commonly used potential for 

Ag/AgCl electrodes. In many older publications it was common to use 0.01 M HCl as the 

filling solution, resulting in a potential of 0.222 V at 25 °C.104 The potential is also 

dependent on the temperature of the solution, changing almost 90 mV from 25 to 125 °C.105, 

106 Miniaturization of Ag/AgCl electrodes with liquid filling solutions has been achieved 

by microfabrication etching of silicon substrate as well as by use of thin planar porous 

glass, a hydrogel layer, or a membrane with a pinhole.107-109 However, these electrodes are 

limited by evaporation due to the small amount of solution. Miniaturized solid state 

Ag/AgCl reference electrodes have been developed by spin-coating or screen printing a 

KCl saturated agar gel on a Ag/AgCl film.110, 111 These electrodes result in a reference 

electrode with a limited working range but give a constant potential from pH 4 to 10 and 

at Cl- concentrations between 10-6 to 0.3 M.           

1.5.3 Free Flow Liquid Junctions for Reference Electrodes 

There are several different methods for contacting the bridging solution to the 

sample solution. Free flow liquid junctions are the most common used in aqueous solutions 

with Ag/AgCl reference electrodes. These junctions allow a small amount (0.5-2 μL/h) of 

bridging solution to flow into the sample solution.112 Although there are several geometries 

for free flow liquid junctions, those with ground glass sleeves tend to be the most stable 

and reproducible liquid junction potentials.112 It is important to choose a bridging solution 
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that will not interfere with measurements as the sample is being contaminated with small 

amounts of the bridging solution. The bridging solution should also utilize an equal 

transference salt, i.e., a salt composed of a cation and an anion with equal mobility, such 

as potassium chloride or lithium acetate, to minimize the liquid junction potential.   

Although widely used, free flow reference electrodes have several problems. In 

biological samples they often suffer from clogging by proteins and lipids.113, 114 They can 

also become contaminated by sample components and they can considerably contaminate 

small volume samples. Additionally, because of the continuous flow of the solution, the 

filling solution can eventually run out; this is especially problematic for miniaturized 

electrodes. Although many of these problems can be overcome in the laboratory setting by 

flushing with cleaning solutions and refilling the filling solutions, this is not always feasible 

in many applications.112     

1.5.4 Glass Frit Liquid Junction for Reference Electrodes  

Nanoporous glass frits and microporous ceramic plugs are also used to separate 

filling solutions of reference electrodes from the sample.115-117 This setup is especially 

popular for measurements in organic solvents.118-120 While microporous ceramic plugs 

have a pore size of approximately 0.1−3 μm, nanoporous glass frits are popular because 

their smaller pore size, ranging from 4−100 nm, further restricts liquid flow.115-117 

However, it has recently been found that at ionic strengths under 100 mM, the half-cell 

potentials of these reference electrodes are not always sample independent, and depend on 

the ionic sample composition.121 These changes in potential can be upwards of 50 mV. 

This effect is due to electrostatic screening of ion transfer into the glass pores by the surface 
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charge density on the glass surface when pore dimensions are comparable to or smaller 

than the Debye length of the ions.121 This effect is very similar to the response given by 

ion-exchange resins (HHCIE membranes), nanoporous opal films and nanopore based 

sensors.95, 122, 123 In addition, the surface charge density of the glass pores is dependent on 

pH, causing this effect to vary by pH, with a more pronounced effect observed at higher 

pH.121, 124, 125 This can cause rather large errors in measurements when using reference 

electrodes with these frits. Therefore, care should be taken to assure that the half-cell 

potential is constant at ionic strengths and pH being used.  

1.5.5 Pulse Reference Electrodes 

Recently, in an effort to address the issues with free flow liquid junction base 

reference electrodes, reference electrodes without liquid junctions that instead utilize 

current pulses to define the potential have been developed.126 These electrodes have 

utilized hydrophobic ion-doped polymeric membranes. By applying a current pulse the 

transmembrane ion fluxes can be controlled to obtain a sample independent reference 

electrode potential. Similar current pulse techniques have be used with ISEs to control 

transmembrane ion fluxes, yielding lower limits of detection.127-129 However, in this case 

the pulse is being used to effectively do the exact opposite, raising the limit of detection, 

giving a constant potential across a wide concentration range.126 The potentiometric 

measurement is made immediately after the current pulse. At this time the potential at the 

reference electrode is determined by the concentration of the ions released by the pulse 

which have not had time to diffuse away from the electrode. The electrode gives a much 

more stable potential when measuring in blood over two days when the current is applied 
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than when it is not. These electrodes give a stable potential up to about 0.1 mM, at which 

point they start responding to changes in the ion concentration.126 Current pulses of a 

maximum of approximately 2 μA have been used with these electrodes. It is likely that 

using a larger current would increase the range that the potential is stable, allowing for this 

electrode to be useful in many more applications. Unfortunately, the high electrical 

resistance of the hydrophobic membranes necessitates a relatively large voltage to be 

applied to achieve these currents, limiting the ability to increase said current.       

 

1.6 Conclusion 

ISEs are widely used potentiometric sensors. However, their performance still 

suffers when applied in harsh conditions. In biological systems they can suffer from large 

amounts of drift, shortened lifetime and reduced selectivity. Fluorous membrane ISEs have 

previously been developed to combat this problem. However, most of these sensors have 

membranes composed of fluorous liquids, limiting their application. The next two chapters 

discuss the development of semifluorinated polymers and ISEs, utilizing them to address 

this issue. The remaining chapters discuss the use of hydrophilic high capacity ion-

exchange (HHCEI) membranes in ISEs. First, the effect of Donnan failure on these, as well 

as on more traditional lipophilic ISE and ion-exchange electrodes is discussed, showcasing 

the ability of HHCEI membranes to measure in backgrounds of lipophilic co-ions. Next, 

the development of a HHCEI membrane based sensor that can measure in organic solvents 

and at high temperature is detailed, along with its use to monitor NOx
- concentrations 
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during nanoparticle synthesis. Finally, the development of a pulse based reference 

electrode utilizing HHCEI membranes is also discussed.     
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2 CHAPTER TWO: 

 

Synthesis of Semifluorinated Polymers by 

Modification of Lipophilic Polymers for Use as 

ISE Membranes 
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Ion-selective electrodes based off fluorous liquid membranes have shown 

resistance to biofouling and extraordinary selectivity ranges. However, due to their liquid 

nature they are not very robust and have a limited lifetime. Most commercially available 

fluorous polymers lack the appropriate glass transition temperatures or have functional 

groups that would affect the selectivity towards ions. In attempts to create semifluorinated 

polymers for use in ion-selective membranes, the polymer poly(4-vinylphenol) was 

modified to have perfluoroalkyl and alkyl substituents using a Williamson ether synthesis. 

High percent conversions were obtained for the alkyl substitutions, however, for the 

perfluoroalkyl chains the percent conversion was less than 50%.   

 

2.1 Introduction 

Fluorous membrane based ion-selective electrodes (ISEs) have been shown to have 

several improved characteristics as compared to ISEs with typical lipophilic membranes, 

including improved selectivity and resistance to biofouling.36, 69, 70, 130 Fluorous membrane 

ISEs utilizing fluorophilic ionic sites and ionophores have been used to measure pH as well 

as silver and carbonate.69-71 These electrodes have been based on fluorous liquids such 

perfluoroperhydrophenanthrene or a linear perfluorooligoether.68, 69 However, because 

these compounds are liquids they must be supported on porous disks, are not very robust, 

have a limited lifetime, and are difficult to miniaturize. A fluorous polymer would be an 

ideal candidate to use as a self-supported ISE membrane. Unfortunately, most 

commercially available fluorous polymers lack the appropriate glass transition 

temperatures or have functional groups that would negatively affect the selectivity over 
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interfering ions. ISEs with self-supported membranes have previously been made from 

Teflon AF2400 plasticized by a linear perfluorooligoether, however low levels of 

carboxylic acid impurities affect the selectivity of these membranes.75 

Here I have worked toward developing semifluorinated polymers for use as ISE 

membranes by modifying existing lipophilic polymers to be more fluorophilic by addition 

of perfluoroalkyl chains. Lipophilic polymers are commercially available in a wide array 

of well-defined properties.  Achieving a variety of desired properties, such as low 

polydispersity, is more difficult in fluorous polymers than for most other polymers.67 Also, 

the synthesis and purification of large amounts of monomers for fluorous or 

semifluorinated polymers is often difficult and involves several steps.131 Therefore, 

modifying non-fluorinated polymers into semifluorinated polymers may be a valuable tool 

for the synthesis of semifluorinated polymers for use as ISE membranes. A further benefit 

of having synthetic control over the polymer structure is the future possibility of covalently 

attaching ionic sites and ionophores. A high percent conversion of each repeat unit will be 

needed to produce polymers with the necessary fluorophilicity that, when used in ISEs, 

would give similar characteristics as those seen in ISEs made with fluorous liquids. The 

chosen target polymer (Figure 2.1) should be fluorophilic when high conversion is 

achieved. Based on similar polymers in the literature it is hypothesized that this polymer 

would exhibit a glass transition temperature that is low enough for the polymer to have 

sufficient ion mobilities without the aid of a plasticizer.132, 133   
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2.2 Experimental 

2.2.1 Materials 

1-Bromoheptane, cesium fluoride, dimethylacetamide (DMA), N,N-

dimethylformamide (DMF). dimethylimidazolidinone (NMP), dimethyl sulfoxide 

(DMSO), iodomethane, methylpyrrolidone (DMI), poly(4-vinylphenol) (MW c.a. 11,000), 

sodium hydride (60% purity), tetrahydrofuran (THF) and toluenesulfonyl chloride were 

purchased from Sigma Aldrich (St. Louis, MO). 2-Perfluorohexylethyl alcohol, 1-iodo-2-

(perfluorohexyl)ethane and 1-bromo-2-(perfluorohexyl)ethane was purchased from Alfa 

Aesar (Ward Hill, MA). THF was distilled over sodium metal and benzophenone before 

use. All other solvents were dried with molecular sieves before use. HFE7100 and 

perfluorohexane were purchased from 3M (St. Paul, MN). 1,1,2-Trichloro-1,2,2-

trifluoroethane (F113) was purchased from Spectrum Chemical (New Brunswick, NJ). 

2.2.2 Synthesis of tosyl(CH2)2(CF2)5CF3  with a modified literature procedure134 

2-Perfluorohexylethyl alcohol (C6F13CH2CH2OH) (2.18 g, 6.0 mmol, 10 mL), 4-

toluenesufonyl chloride (1.20 g, 6.3 mmol) and NaOH (0.280 g, 7 mmol) were added to a 

round bottom flask with 10 mL of THF, and the solution was stirred for 48 h. The solvent 

was evaporated. The resulting solid was dissolved in dichloromethane and washed with 1 

M HCl until a neutral pH was reached. The organic layer was then dried with magnesium 

sulfate, and the solvent was removed by rotary evaporation. The solid was then purified by 

chromatography on a silica gel column with an eluent of a 10:1 v/v mixture of petroleum 

ether and ethyl acetate. White solid 2.48 g, 80% yield. 1H NMR (500 MHz, Varian, CDCl3 
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δ in ppm from TMS): 7.82 (d, 2H, -Ph), 7.40 (d, 2H, -Ph), 4.32 (t, 2H, -SO3CH2-), 2.54 (m, 

2H, -CF2-CH2-), 2.47 (s, 3H, -Ph-CH3). 

2.2.3 Reaction of poly(4-vinylphenol) with 1-bromoheptane  

NaH (0.110 g, 60% purity, washed with hexanes before use, 2.8 mmol) was 

suspended into 5 mL of N,N-dimethylformamide (DMF). Poly(4-vinylphenol)  was dried 

under vacuum at 150 ºC for 1 hour (0.5 g, 4.1 mmol of repeat units) and was then added to 

the NaH suspension, which was then stirred for 30 minutes. Next, 1-bromoheptane (1.47 

g, 8.2 mmol) was added and the solution was stirred for ~36 hours at 70° C under nitrogen. 

The resulting polymer was obtained by precipitation from methanol, and its identity was 

verified by 1H NMR (300 MHz, Varian, CDCl3 δ in ppm from TMS) giving broad peaks 

at 6.2-6.8 (aromatics, 4H); 3.85 (2H, OCH2), 1.747 (3H CH2 ), 1.311(10H, alkyl chains 

and backbone) and 0.896 (3H, CH3). Comparison of the peak area of the aromatics to the 

OCH2 peaks indicated a 98% conversion.   

2.2.4 Methylation of poly(4-vinylphenol) 

0.25 g (2 mmol) of poly(4-vinylphenol) was dried under vacuum at 150 ºC for 1 

hour. It was then dissolved in 2 ml of dimethylformamide (DMF). Next, 1 equivalent 0.083 

g (2 mmol) of 60% purity NaH was washed with hexanes 3 times. It was then added to the 

poly(4-vinylphenol)/DMF solution and allowed to stir for 30 minutes. Then 4 equivalents 

(2.27 g, 8 mmol) of ICH3 was added, and the reaction solution was stirred and heated at 40 

ºC in an oil bath with a condenser and nitrogen balloon for 2 days. The solution was added 

to water, causing a precipitate to form. The solid was filtered, dissolved in ethyl acetate 

and washed several times with water. The solution was then dried over magnesium sulfate, 
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filtered, and the solvent was evaporated. This procedure was repeated with the resulting 

product to increase the percent conversion. 1H NMR (500 MHz, Varian, deuterated acetone 

δ in ppm from TMS) giving broad peaks at 6.2-6.8 (aromatics, 4H); 3.741 (3H, OCH3), 

1.878 and 1.515 (3H polymer backbone). Comparison of the peak area for aromatics and 

the OCH3 indicated a conversion greater than 99%.  

2.2.5 Synthesis of semifluorinated polymer by modification of poly(4-vinylphenol)  

First, 0.46 g (3 mmol) of CsF was dried under vacuum for 1 hour and dissolved in 

3 ml of dimethylformamide (DMF). Then 0.18 g (1.5 mmol of monomer equivalents) of 

poly(4-vinylphenol) was dried under vacuum at 150 ºC for 1 hour and then dissolved in the 

solution.  This was allowed to stir for 30 minutes. Then 2 equivalents (1.28 g, 3 mmol) of 

Br(CH2)2(CF2)5CF3 was added, and was stirred and heated at 150 ºC in an oil bath with a 

condenser and nitrogen balloon for 2 days. The DMF was removed by heating while under 

vacuum; the resulting solid was washed with methanol. The solid was once again dried 

under vacuum. 1H NMR (500 MHz, Varian, deuterated DMF δ in ppm from TMS) 6.2-6.8 

(aromatics, 4H); 4.07(2H, OCH2); 2.81 (2H, CH2CF2); 1.878 and 1.515 (3H polymer 

backbone); 48% conversion. This procedure was also performed with dimethylacetamide 

(DMA), methylpyrrolidone (DMI), dimethyimidazolidinone (NMP), and dimethyl 

sulfoxide (DMSO) in place of DMF with percent conversions of 0%, 24%, 42%, and 0%, 

respectively. 
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2.3 Results and Discussion 

Modifying lipophilic polymers into fluorophilic semifluorinated polymers may be 

a valuable tool for the synthesis of semifluorinated polymers for use as ISE membranes. 

The non-fluorous polymers to be modified would require a functional group that could be 

used to attach perfluoroalkyl chains to increase the fluorophilicity of the polymer. Poly(4-

vinylphenol) would be a suitable polymer to be modified.  A Williamson ether synthesis 

with the phenol groups of poly(4-vinylphenol) and a perfluoroalkyl halide after phenol 

deprotonation with sodium hydride to give a semifluorinated polymer, as shown in Figure 

2.1, could be used to add perfluoroalkyl side chains to the polymer. The drawback, 

however, is that any remaining hydroxyl groups could negatively affect the selectivity of 

the ISE. Therefore it would be necessary to achieve a very high level of conversion for the 

polymer to be useful as an ISE membrane. If a suitably high percentage of conversion to 

fluorinated groups is achieved to give sufficient fluorophilicity, any remaining alcohol 

groups could be methylated to reduce the effects of functional groups on selectivity.      

 

Figure 2.1: Reaction scheme for the synthesis of a semifluorinated polymer. 

 

A test reaction with non-fluorinated reagents to determine the validity of this 

strategy, using poly(4-vinylphenol) and 1-bromoheptane, was performed. 1H NMR results 
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indicated a 98% conversion after a reaction time of approximately 36 h. After the 

attachment of the fluorinated chains to the polymer, any remaining alcohol groups will 

need to be methylated, to ensure the polymer can function as an ISE membrane without 

affecting selectivity coefficients. To test the methylation reaction, poly(4-vinylphenol) was 

methylated using ICH3, see Figure 2.2. Repeating the reaction can significantly raise the 

percent conversion. This can achieve conversion rates greater than 99%, which would be 

sufficient to minimize the remaining alcohol groups’ effects on the selectivity.    

 

Figure 2.2: Methylation of poly(4-vinylphenol). 

 

After the success of these test reactions, several attempts were made to produce a 

semifluorous polymer using I(CH2)2(CF2)5CF3. However, these reactions were 

unsuccessful, leaving mostly starting materials and none of the desired product. The 

reaction was conducted several times at higher temperatures (100 °C) and over longer time 

periods (up to 3 days), but none gave the desired product. Since CsF has been used to 

produce aryl ethers in the literature,135 CsF was used in place of the NaH. However, the 

results were similar and none of the desired product was formed. It seems likely that 

I(CH2)2(CF2)5CF3 is not reactive enough or is not sufficiently soluble  in DMF to undergo 

this reaction, even with the aid of the CsF. The reaction was then attempted with the more 
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reactive Br(CH2)2(CF2)7CF3 and  NaH. This was slightly more successful, with a 

conversion of less than 15%. By using CsF in conjunction with Br(CH2)2(CF2)7CF3 the 

conversion was improved to 23%. Using excess Br(CH2)2(CF2)7CF3 and CsF improved the 

conversion to 48% (see Figure 2.3). Using more than a twofold excess did not further 

improve the percent conversion. Reacting the resulting semifluorinated polymer under the 

same reaction conditions for a second time also did not further increase the percent 

conversion as it had with the methylation reaction. The resulting polymer seemed to be no 

longer soluble in DMF and this may be limiting the percent conversion.  Reaction with 

Tos(CH2)2(CF2)5CF3  (where Tos stands for the tosyl group) was less successful (36%). 

Reactions with several other combinations of reagents and solvents (Figure 2.4) were also 

performed (Table 2.1), however the resulting percent conversion for each of these trials 

was less than 48%. Reactions performed with DMA showed no evidence of the desired 

products. The reaction with DMSO showed signs of solvent decomposition and no desired 

products.  

 

Figure 2.3: Alternative reaction scheme for the modification of poly(4-vinylphenol) into a 

semifluorinated polymer. 
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Table 2.1: Synthesis of semifluorinated polymers from polyvinyl phenol in various 

solvents 

Solven

t 

Catalyst/ 

Base 

Polymer 

poly(4-

vinylphenol) 

Reagent Percent 

conversion 

DMF NaH 1 eq. 1 eq. Br(CH2)2(CF2)5CF3  1 eq. <15 

DMF CsF 1 eq. 1 eq. Br(CH2)2(CF2)5CF3  1 eq. 23 

DMF CsF 2 eq. 1 eq. Br(CH2)2(CF2)5CF3  2 eq. 48 

DMF CsF 2 eq. 1 eq. Tosyl(CH2)2(CF2)5CF3  2 

eq. 

36 

DMA CsF 1 eq. 1 eq. Br(CH2)2(CF2)5CF3  2 eq. NR 

DMA NaH 1 eq. 1 eq. Br(CH2)2(CF2)5CF3  2 eq. NR 

DMI CsF 2 eq. 1 eq. Br(CH2)2(CF2)5CF3  2 eq. 24 

NMP CsF 2 eq. 1 eq. Br(CH2)2(CF2)5CF3  2 eq. 42 

DMSO CsF 2 eq. 1 eq. Br(CH2)2(CF2)5CF3  2 eq. Solvent 

decomposition 

  

 

Figure 2.4: Structures and abbreviations of solvents used in the synthesis of 

semifluorinated polymers. 
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While the methylation reaction with polyvinyl phenol is with a conversion greater 

than 99% highly successful and would allow for sufficient elimination of alcohol functional 

groups, the percent yield of the attachment of fluorous chains to polyvinyl phenol is too 

low, as even the highest conversion values are less than 50%. The resulting polymers will 

be unlikely to exhibit the fluorophilicity necessary to give improvements to selectivity and 

the resistance to biofouling as seen with fully fluorous membranes. It is likely that as 

fluorinated groups are added to the polymer, the polymer becomes less soluble in solvents 

that are suitable for the reaction to occur. Therefore, it was determined that due to the low 

percent conversion, modifying non-fluorinated polymers would be a less successful 

strategy for producing semifluorinated polymers useful as ion-selective electrode 

membranes than polymerizing semifluorinated monomers.   

 

2.4 Conclusion 

Reactions adding lipophilic modifications to polyvinyl phenol, such as methylation, 

were highly successful, giving high percent conversions (<99%). However, attempts to 

convert non-fluorinated polymers into semifluorinated polymers for use as ISE membranes 

were substantially less successful, as a sufficiently high percent introduction of fluorinated 

groups was not obtained, despite considerable effort and variation of numerous reaction 

parameters. These low conversion values (<50%) could possibly be due to the limited 

solubility of the more highly fluorinated intermediate polymer products in solvents 

required for the reaction to proceed further. Because of the low conversion rate of the 

phenol groups to fluorinated ether side groups, these polymers lack the fluorophilicity 
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necessary to show any of the benefits seen by ISEs utilizing fluorous membranes.  

Modification of monomers before polymerization may therefore be a better method for 

synthesizing polymers with the desired properties. 
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3 CHAPTER THREE: 

 

Semifluorinated Polymers for Ion-Selective 

Electrodes 
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 Most commercially available fluorous polymers are ill suited for use as ion-

selective electrode (ISE) membranes; therefore, we have synthesized semifluorinated 

polymers for use as ISE membranes. Ion-exchanger electrodes made with several of these 

polymers show a wide selectivity range (~14 orders of magnitude), approaching that of 

previously developed fluorous liquid ion-exchange electrodes.  These polymers have also 

been used to create ISEs using fluorophilic silver ionophores. Although these electrodes 

are less selective compared to their fluorous liquid counterparts, these polymers can utilize 

both fluorophilic ionophores as well as traditional lipophilic ionophores, such as the silver 

ionophore Cu(II)-I (o-Xylylenebis(N,N-diisobutyldithiocarbamate)). We have cross-

linked these polymers to produce durable membranes that retain broad selectivity ranges 

and are compatible with both fluorophilic and hydrophilic ionophores. K+ ISEs made with 

the cross-linked semifluorinated polymer and the ionophore valinomycin show selectivity 

coefficients comparable to similar PVC membrane electrodes as well as superior thermal 

stability at high temperatures, with a majority of the electrodes still giving a Nernstian 

response after being exposed to a boiling aqueous solution for 10 h.  

 

3.1 Introduction 

 Ion-Selective Electrodes (ISEs) have become a widely used analytical technique in 

a variety of fields including clinical chemistry, environmental analysis, physiology, and 

process control. ISEs made with fluorous membranes have been developed over the past 

decade for a variety of ions.70, 71, 73, 136 These sensing membranes have shown considerable 

improvement in selectivity as compared to conventional (e.g., PVC based) electrode 
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materials,70, 71, 73, 136 as well as promise in reducing the effects of biofouling.137 This is due 

to the extremely low polarity and polarizability of fluorous compounds. For example on 

the π* scale for solvent polarity, where cyclohexane defines 0,  dimethyl sulfoxide defines 

1, and water has a value of 1.09,  perfluorooctane has an incredibly low value of -0.41.53 

This causes a large increase in the free energy of transfer of interfering ions into the 

membrane. This is showcased by the large selectivity range of ion-exchange electrodes 

made with perfluoroperhydrophenanthrene (16 orders of magnitude selectivity range),68 as 

compared to those with membranes made from plasticized PVC (~8 orders of magnitude).68 

These electrodes have used fluorophilic salts as ionic sites and fluorophilic ionophores to 

achieve high selectivity towards specific ions such as the silver, carbonate, and protons,70, 

136,138 achieving the best selectivity coefficients for these ions to date.  

 Biofouling occurs when ISEs are exposed to biological samples such as blood or 

urine. It causes a loss of selectivity, increases signal drift and reduces the lifetime of the 

ISE.33 This effect is due to partitioning of neutral lipophilic compounds into the membrane 

of the ISE as well as by adsorption of cells or proteins onto the membrane and the leaching 

of membrane components into the sample media.33 Due to the extremely low polarity of 

fluorous membranes it is unlikely that lipophilic sample components will adsorb onto the 

surface of the membrane or absorb into the membrane.  

 Most of these fluorous membrane ISEs made to date use fluorous liquids such as 

perfluoroperhydrophenanthrene or a linear perfluorooligoether deposited on a porous 

Teflon disc.68, 136 While this has allowed fluorous membrane ISEs to find use in several 

applications, such as monitoring the toxicity of silver nanoparticles77 and the detection of 
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perfluorooctanoate and perfluorooctanesulfonate in environmental samples,73 the use of a 

liquid limits the mechanical stability of these membrane, hampering the development of a 

miniaturized fluorous membrane ISE. The development of a self-supporting fluorous 

membrane ISEs would enable the miniaturization of these ISE. It would also allow for 

solvent free casting of the fluorous ISE membranes. This would open a variety of new 

possible ways to use and implement ISEs with fluorous membranes, such as printing of 

these membranes in microfabrication. Unfortunately, available suitable commercial 

polymers would need to be plasticized to have the correct glass transition temperature, and 

there are only few reports of appropriately plasticized fluorous polymers. In one such case, 

fluorous polymers have been plasticized using a highly fluorinated compound containing 

polar functional groups (i.e. carboxylic acid), which would drastically affect the selectivity 

of a sensor.139 Another study showed that Teflon AF2400 could be successfully plasticized 

with a linear perfluorooligoether.140 This plasticized Teflon AF2400 was used to create a 

self-supported fluorous membrane; however, low levels of carboxyl impurities have 

limited the selectivity of those membranes.75 

Possible candidates for use as ISE membranes need to meet several criteria. First, 

they need to be free of interfering functional groups, such as carboxylic acids, which would 

bias the selectivity of the electrodes by interacting with ionic species. Second, the glass 

transition of the polymer need to be lower than the operating temperature of the ISE, so 

that ions have sufficient mobility in the membrane for the sensor to function. The 

previously synthesized polymer P1 (see Figure 3.1) was shown to have a glass transition 

temperature of (17-18 °C).132, 133 While there are no examples of the homopolymer P2 (see 
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Figure 3.1) in the literature, a block-co-polymer with a block that corresponds to P2 has 

been previously synthesized, showing a glass transition at -44 °C corresponding to the P2 

block.80 These values would allow for these polymers to be used in an ISE without the need 

for a plasticizer. Finally, the polymers should also be sufficiently fluorinated such that the 

ISE exhibits characteristics similar to those observed with ISEs made with fluorous liquids 

(broad selectivity range and resistance to biofouling). The previously synthesized polymer 

P1 has shown a low dispersive surface energy (𝛾𝑆
𝐷 = 10.7 mNm-1)132 and high contact angle 

(advanced contact angle of 69.0° with decane),132 characteristics commonly observed in 

fluorous polymers.67 The block-co-polymer with a P2 block had a measured contact angle 

of 107°, indicative of a highly hydrophobic surface.80 It can be assumed that a P2 

homopolymer would be at least as hydrophobic, if not more so.   

 

Figure 3.1: Reaction scheme for the free radical polymerization of (top) M1 to P1, 

(middle) M2 to P2, and (bottom) M2 and divinylbenzene to CL-P2. 
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In this work, we have synthesized semifluorinated monomers (M1 and M2, see 

Figure 3.2) that were then polymerized into semifluorinated polymers (P1 and P2, see 

Figure 3.1). These polymers have allowed for fabrication of fluorophilic polymeric 

membrane ISEs that function without a plasticizer, due to their low glass transition 

temperature. With the addition of a cross-linker, they become robust enough to be used as 

self-supporting membranes. Although they are less fluorophilic than previous fluorous 

liquid membranes, they still can produce sensors with broad selectivity ranges and should 

still provide resistance to biofouling. Due to their slightly lower fluorophilicity, they allow 

for use of a wider range of ionophores, which should expand the range of possible 

applications for these sensors.  

 

Figure 3.2: Reaction scheme for the synthesis of (1H,1H,2H,2H-perfluorooctan-1-

yl)styrene, M1 (top) and the fluorinated oligoether monomer, M2 (bottom). 
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3.2 Experimental Section 

3.2.1 Materials 

Azobisisobutyronitrile (AIBN), 4-chloromethylstyrene, Cu(II)-I iononophore (o-

Xylylenebis(N,N-diisobutyldithiocarbamate), 2-nitrophenyl octyl ether (o-NPOE), 

polyvinylchloride (PVC) (Selectophore, high molecular weight), sodium tetraphenylborate 

(NaTFPB), and valinomycin were purchased from Sigma Aldrich (St. Louis, MO). 2-

Perfluorohexyl-ethanol was purchased from Alfa Aesar (Ward Hill, MA). 1H,1H-

Perfluoro(2,5-dimethyl-3,6-dioxanonan-1-ol and 1H,1H-perfluoro(2,5,8-trimethyl-3,6,9-

trioxadodecan)-1-ol was purchased from Synquest Laboratories (Alachua, FL). Salts for 

selectivity measurements of the highest purity available (≥99.999% trace metals basis or 

Puratronic) were purchased either from Sigma Aldrich or Alfa Aesar (Ward Hill, MA). 

Tetrabutylammonium hydrogen sulfate (Bu4NHSO4) was purchased from Thermo Fisher 

(Waltham, Massachusetts). Perfluorohexane and Novec Engineering Fluid HFE-7100 

(Methoxyperfluorobutane, mixture of n- and iso-butyl isomers) were purchased from 3M 

(St. Paul, MN). Divinylbenzene (m- and p- mixture) was purchased from TCI America 

(Portland, OR), and stabilizers were removed by flash chromatography on a silica column 

before use.  THF was distilled over sodium metal and benzophenone before use. All other 

solvents were used without further purification. AIBN was recrystallized from ethanol 

before use. The fluorophilic ionic site, sodium tetrakis[3,5-

bis(perfluorohexyl)phenyl]borate, was synthesized as described in the literature.68 The 

fluorophilic silver ionophores, 1,3-bis(perfluorooctylethylthiomethyl)-benzene (Ag-Rf8) 

and 1,3-bis(perfluorodecylethylthiomethyl)benzene (Ag-Rf10) were synthesized as 



 

 62 

described in the literature.141 Fluoropore membrane filters (pure Teflon, 47 mm diameter, 

0.45 μm pore size, 50 μm thick, 85% porosity) were obtained from EMD Millipore 

(Billerica, MA). 

3.2.2 Synthesis of Monomers for Semifluorous Polymers Synthesis of the Monomer 

(1H,1H,2H,2H-Perfluorooctan-1-yl)styrene, (M1) 

The monomer M1 was synthesized with slight modification of a literature 

procedure.132 A higher yield was obtained with this method than with attempts to use other 

methods. 2-Perfluorohexyl-ethanol (C6F13CH2CH2OH) (4.0 g), tetrabutylammonium 

hydrogen sulfate (Bu4NHSO4) (0.28 g) and 6 M NaOH (4.28 mL) were added to a round-

bottom flask and stirred at 50 ºC with a condenser under N2 for 10 min. Then 4-

chloromethylstyrene (1.66 g) was added (the mixture turned bright yellow), and the 

reaction mixture was stirred at 50 ºC with a condenser under N2 overnight (18h). The 

mixture was allowed to cool to room temperature and 25 mL of dichloromethane was 

added. This was washed several times with 0.1M HCl and water.  The solvent was dried 

over magnesium sulfate and the solvent was removed by evaporation. The monomer was 

purified over a silica gel column (100 g) with ethyl acetate/hexanes (1/30 v/v) as the eluent. 

Yield: 50%, clear liquid, 1H-NMR (500 MHz, Varian, CDCl3 δ in ppm from TMS) giving 

signals at 7.42 (d, 2H, aromatics) and 7.31 (d, 2H, aromatics), 6.79 (dd,1H, CH=), 5.79 and 

5.263 (d, 2H CH2=), 4.54 (s, 2H PhCH2O), 3.375 (t, 2H, OCH2), 2.43 (m, 2H, CH2CF2,) 

which corresponds well to data given in the literature.132 
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3.2.3 Synthesis of the Monomer 1-((2,3,3,3-Tetrafluoro-2-(1,1,2,3,3,3-hexafluoro-2-

(perfluoropropoxy)propoxy)propoxy)methyl)-4-vinylbenzene, (M2) 

NaOH (6.9 g, 0.173 mol) dissolved in water (14 mL) was placed in a round-bottom 

flask. The alcohol, 1H,1H-Perfluoro(2,5-dimethyl-3,6-dioxanonan-1-ol) (3.00 g, 6.22 

mmol) was then added under vigorous stirring. Bu4NHSO4 (1.69 g, 5.0 mmol), 

dichloromethane (140 mL), and 4-vinylbenzyl chloride (0.90 g, 5.90 mmol) were added, 

and the mixture was refluxed overnight. The aqueous and organic layers were separated 

with a separatory funnel. The organic layer was washed three times with 0.1 M HClaq, and 

three times with water. The monomer was purified over a silica gel column (100 g) with 

ethyl acetate/hexanes (1/30 v/v) as the eluent. Yield: 30%, clear liquid, 1H-NMR (500 

MHz, Bruker, CDCl3 δ in ppm from TMS) giving signals at 7.4 (d, 2H aromatics), 7.3 (d, 

2H, aromatics), 6.79 (dd, 1H, CH=), 5.79 and 5.263 (d, 2H, CH2=), 4.66 (s, 2H, PhCH2O), 

and 4.00 (d, 2H, OCH2), which corresponds well to data given in the literature.80 

3.2.4 Thermal Free Radical Polymerization of M1 to Poly(1H,1H,2H,2H-

perfluorooctan-1-yl)styrene (P1) 

Typical reaction: M1 (1H,1H,2H,2H-perfluorooctan-1-yl)styrene; 0.40 g), 

azobisisobutyronitrile (AIBN; 0.024 g or 20 mol%), and toluene (2.64 mL) were added to 

a 50 mL round-bottom flask. The solution was then degassed by using the pump-freeze-

thaw-method, i.e., the flask was submerged in liquid nitrogen to freeze the solution, a 

vacuum was applied on the flask for 10 min, the connection to the vacuum was closed, and 

the flask was removed from the liquid nitrogen and placed in a cool water bath. The 

solution was then allowed to melt and after 5 min the process was repeated several times. 
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The flask was then purged with argon gas run through a drierite column. The solution was 

then stirred for 18 h at 60 ºC. Upon cooling of the solution to room temperature, the 

polymer was precipitated by addition of the reaction solution into methanol. The polymer 

was collected by centrifugation, followed by dissolution in THF and reprecipition by 

addition into methanol; this process was repeated 4 times. Yield: 25%, 1H-NMR (500 MHz, 

Varian, CDCl3 δ in ppm from TMS) giving broad signals at 6.9-.6.5 (4H, aromatics), 4.4 

(2H PhCH2O), 3.68 (2H, OCH2), 2.48 (2H, CH2CF2), polymer backbone from 1.8-1.2 (4H 

CH2) and 1.431 (1.3 H, end-groups, CH3), which corresponds well to data given in the 

literature.132 The molecular weight of the polymer was determined using MALDI-MS with 

THF as the solvent and dithranol as the matrix. As the ratio of initiator to monomer 

decreases, the molecular weight of the polymer increases, see table 3.S1.  

3.2.5 Thermal Free Radical Polymerization of M2 to Poly(1-((2,3,3,3-tetrafluoro-2-

(1,1,2,3,3,3-hexafluoro-2-(perfluoropropoxy)propoxy)propoxy)methyl)-4-

vinylbenzene). P2 

 These reactions were conducted in the same manner as for P1. Yield: 25%, 1H-

NMR (500 MHz, Bruker, CDCl3 δ in ppm from TMS) giving broad signals at 6.9-.6.5 (4H, 

aromatics), 4.68 (2H PhCH2O), 4.11 (2H, OCH2), polymer backbone from 1.8-1.2 (4H 

CH2). The molecular weight of the polymer could not be successfully determined by using 

MALDI-MS. The polymer resulting from solvent-free reactions resulted in polymers that 

were not soluble in THF, referred to as (HMW-P2). In these cases, after precipitation the 

polymer was dissolved in perfluorohexane and washed several times with THF, and then 

the perfluorohexane was evaporated. 
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3.2.6 Cross-linked Semifluorinated Polymer (CL-P2) 

  Typical reaction:  M2, (0.5 g,), AIBN (0.002 g for 1 mol%) and divinylbenzene 

(3.3 mg, 3 mol% inhibitor previously removed by silica column) were added to a 3 cm 

diameter glass casting dish. The mixture was placed in a reaction box with a UV lamp 

(Blak-Ray, B-100A, 100W, 365 nm long wave UV, Ultra-Violet Products, Upland, CA), 

with nitrogen gas flowing through the box.  The membrane was exposed to UV light for 6 

hours. The resulting membranes were washed 3 times with 3 ml of THF, 3 times with 3 ml 

of perfluorohexane, and 3 times with 3 ml of HFE-7100 to remove impurities. The resulting 

membranes were measured to be 0.35 mm thick. 

3.2.7 Differential Scanning Calorimetry (DSC) 

 Glass transition temperatures of the polymers were determined using differential 

scanning calorimetry using a TA Instruments Q1000 (TA Instruments, New Castle, DE, 

USA). The temperature was cycled several times from –50 ºC to +100 ºC, using a scan rate 

of 10 ºC/min. 

3.2.8 MALDI Mass Spectroscopy 

MALDI mass spectroscopy was used to determine the number average and weight 

average molecular weight of polymers using a Applied Biosystems-SCIEX 4800 MALDI-

TOF/TOF Mass Spectrometer (SCIEX, Framingham, MA) in positive ionization mode 

with dithranol as the matrix.  

3.2.9 Electrode Construction for Homopolymer Membranes 

 Electrodes were constructed using custom-made electrode bodies68 made of Kel-F 

(polychlorotrifluoroethylene) with Fluoropore membranes, cut to 13 mm diameter circle, 
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as a support. 25 mg of the homopolymers P1 made with 20% initiator,P2 made with 20% 

initiator or HMW-P2 made with 1% initiator, were dissolved in 0.5 ml of THF 

(perfluorohexane was used for HMW-P2, which was insoluble in THF) along with the 

appropriate amount of the fluorophilic ionic site. For the silver selective electrodes, the 

ionophore was dissolved as well. This solution was then applied to the Fluoropore support 

50 μL at a time. The solvent was allowed to evaporate in between applications, repeating 

applications until all 0.5 mL of the solution was applied to the electrode. The inner filling 

solution of the ion-exchanger electrode was 10 mM KCl. A Ag/AgCl wire was used as an 

internal reference electrode. The electrodes were conditioned in 10 mM KCl for 18 h prior 

to use. Silver selective electrodes were constructed with an additional compartment by 

inserting into the top of the Kel-F electrode body a cotton-packed pipette tip containing the 

Ag/AgCl wire as an internal reference electrode, and closing with a septum, see Figure 

3.S2. The outer filling solution was 10 mM KOAc and the inner filling solution (the upper 

compartment) was 10 mM NaCl. Electrodes were conditioned in 10 mM KOAc for 18 h 

and all electrode bodies, beakers, pipettes, and the reference electrode were soaked in 1 M 

HNO3 prior to use to remove any traces of silver ions.  

3.2.10 Electrodes Made With Cross-Linked Semifluorinated Polymer (CL-P2) 

 The ionic site (10.3 mg), and in the case of the silver or potassium selective ISE the 

appropriate amount of ionophore (13.2 mg of the Ag-Rf10, 10.9 mg of the Ag-Rf8, 3.59 mg 

of Cu(II)-I, or  7.7 mg of valinomycin) were dissolved in HFE-7100. This solution was 

then placed in the casting dish with the CL-P2 membrane and allowed to evaporate. The 

membranes were then cut to the appropriate size, removed from the casting dish and placed 
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in the Philips body electrodes142 for the ion-exchanger electrodes, or in custom-made 

bodies with two compartments (shown in Figure 3.6) for the silver selective electrodes. 

These custom bodies consist of the cap and plunger of a Philips body electrode held to a 

glass tube with Tygon tubing. An upper compartment consisting of a cotton packed pipette 

tip containing the Ag/AgCl wire as an internal reference electrode and closed with a septum 

was inserted into the glass tube and held in place with more Tygon tubing. Silver ISEs were 

conditioned in 1 mM KOAct prior to selectivity measurements. All electrode bodies, 

beakers, pipettes and the reference electrode were soaked in 1 M HNO3 prior to use. Ion-

exchange electrodes used 1 mM KCl as inner filling and conditioning solution, and 

potassium ISEs used 1 mM NaCl for inner filling solution and conditioning solution. All 

electrodes were conditioned for 18 h prior to use. 

3.2.11 ISE and Ion-Exchange Electrode Measurements. 

For all measurements the external reference electrode was a double-junction 

Ag/AgCl electrode with a 1 M LiOAc bridge electrolyte and an AgCl saturated 3 M KCl 

reference electrolyte. EMF Suite 1.03 software (Fluorous Innovations, Arden Hills, MN) 

was used with an EMF 16 potentiometer (Lawson Labs, Malvern, PA). The liquid junction 

potential was calculated using the Henderson Equation143 and activities were calculated 

using a two-parameter Debye-Hückel approximation.144 The separate solutions method 

was used to determine the selectivity coefficients.15, 40 Unless noted, the electrodes’ 

response was near Nernstian for all ions (between 50 and 62 mV for mono-cations and 

between 25 and 32 mV for di-cations). The resistance of membranes were measured using 

the known shunt method.145 
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3.2.12 Temperature Endurance Tests 

 The temperature stability of cross-linked CL-P2 membrane electrodes and of 

potassium selective PVC membrane electrodes were measured in parallel for comparative 

purposes. PVC-based membranes were prepared for this purpose by dissolving 46.1 mg of 

PVC, 92.1 mg of o-NPOE, 0.79 mg of NaTFPB, and 1.66 mg of valinomycin in 2 mL of 

freshly distilled THF.  The solution was placed in a 3 cm diameter casting dish and the 

THF was allowed to evaporate overnight. This yielded a membrane with a thickness of 

0.10 mm. Membranes with a 1 cm diameter were cut from the master membrane and placed 

in Philips body electrodes that contained a Ag/AgCl wire as an internal reference and an 

inner filling solution of 1 mM KCl. These electrodes were conditioned in 1 mM KCl 

overnight before use. 

 To test the ability of the electrodes to function after being exposed to high 

temperatures, the potassium ISEs made from PVC and from CL-P2 were placed in a 1 mM 

KCl solution inside of a water-jacketed flask that was connected to a temperate-controlled 

water bath. The emf was monitored in 5 °C intervals from 25 °C to 90 °C for 5 minutes 

each. The electrodes’ response to K+ at room temperature was measured after heating to 

40, 60, 75, and 90 °C. The electrodes were then held at 90 °C in 1 mM KCl for five hours 

while monitoring the emf. The electrodes’ response to K+ at room temperature was 

measured after one, three and five hours. The electrodes were then placed in a boiling 

solution. The electrodes’ response to K+ at room temperature was measured after 3 and 5 

hours and every 2.5 hours after that, up to 17 .5 hours total.   
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3.3 Results and Discussion  

3.3.1 Synthesis of Fluorinated Homopolymers 

Before synthesis of the polymers to be used as ISE membranes, the corresponding 

monomers had to be synthesized. The monoether M1, used for the synthesis of the 

semifluorinated homopolymer P1, was synthesized from 2-(perfluorohexyl)ethanol and 4-

chloromethylstyrene using tetrabutylammonium hydrogen sulfate as a phase transfer 

catalyst (see Figure 3.2). Synthesis of two semifluorinated oligoether monomers was also 

attempted (see Figure 3.2 and Figure 3.S1). The shorter of the fluorinated oligoether 

monomers, M2, was successfully synthesized using a modified literature procedure similar 

to that used for M1,80 using dichloromethane as a solvent (see Figure 3.2). Using larger 

amounts than those used in the literature of the phase transfer catalysis proved necessary 

to obtain an acceptable yield of M2. The identity of M1 and M2 was confirmed by 1H-

NMR (see Figures 3.S3 and 3.S4). The fluorous oligoether chain of the fluorinated 

oligoether monomer was used to increase the fluorophilic character of the resulting 

polymer and still maintain a low glass transition temperature in the corresponding polymer. 

This design takes advantage of the fact that long chain perfluoroalkanes are crystalline 

solids at room temperature while perfluorooligoethers are liquids.80, 133, 146 Difficulties 

arose in the synthesis of the longer chained fluorinated oligoether monomer, M3 (See 

Figure 3.S1). The longer chain oligoether alcohol is not soluble in dichloromethane. 

Synthesis of M3 was attempted using 1,1,2-trichloro-1,2,2-trifluoro-ethane as solvent. This 

was unsuccessful, likely due to the low solubility of tetrabutylammonium hydrogen sulfate 
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in 1,1,2-trichloro-1,2,2-trifluoro-ethane. Additional experiments using mixtures of HFE-

7100, perfluorohexane, trichloro-trifluoro-ethane and dichloromethane as a solvent were 

performed, but unfortunately none yielded the desired product, even when extending the 

reaction time to two days. 

 First, homopolymers were synthesized from the monomers to test the viability of 

these polymers as the polymer matrix of ISE membranes. M1 was polymerized into the 

semifluorinated homopolymer, P1, by free radical polymerization with toluene as the 

solvent, using several concentrations of the initiator azobisisobutylonitrile (AIBN), see 

Figure 3.1. To remove impurities from the polymer, it was repeatedly dissolved in THF 

and precipitated by addition of the THF solution into methanol. Only minimal impurities 

were detected by 1H-NMR spectroscopy after this purification (see Figure 3.S5).  

End group analysis by 1H-NMR spectroscopy of P1 as prepared with 20% initiator 

and using the integral of the peak due to the methyl groups of the AIBN end groups at 1.43 

ppm compared with that of Ar-CH2 (peak F, Figure 3.S5) at 4.42 ppm suggested that the 

average degree of polymerization was 8.4. However, the peak due to the AIBN end group 

has significant overlap with the peaks fom the backbone of the polymer (A and B) and, 

therefore, this value likely slightly underestimates the degree of polymerization.  MALDI 

mass spectroscopy was used to independently determine the molecular weight of the P1 

polymer, using dithranol as a matrix (see Table 3.1 for the results and Figure 3.S7 for an 

example of a typical mass spectrum). The degree of polymerization for P1 as prepared with 

20% initiator and determined by MALDI was 9.8, only slightly larger than the value 
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determined by end group analysis using the 1H-NMR spectra (8.4). This difference can be 

explained by the peak overlap in the 1H-NMR spectrum.  

Decreasing the concentration of initiator only saw a very small increase in the 

degree of polymerization of P1 (see Table 3.1). Therefore, over the range of tested 

concentrations, the concentration of the initiator used to make P1 should have little effect 

on the performance of the ISE.  The PDI of P1 is above 1.5 for all initiator concentrations 

as expected for a free radical polymerization. All polymers of type P1 are are soluble in 

THF, 1,1,2-trichloro-1,2,2-trifluoro-ethane and chloroform, but have limited solubility in 

perfluorohexane. The solubility does not vary significantly by mass, which is not surprising 

given the small variation in molecular mass with initiator concentration. The PDI of P1 is 

above 1.5 for all initiator concentrations as expected for a free radical polymerization. 

Decreasing the oncentration of initiator only saw a very small increase in the degree of 

polymerization of P1. Therefore, over the range of tested concentrations, the concentration 

of the initiator used to make P1 should have little effect on the performance of the ISE.   

Table 3.1: Analysis of P1 Polymers by MALDI Mass spectrometry. 

Initiator Mn (g/mol) Mw (g/mol) N PDI 

50% AIBN 4700 8600 9.8 1.83 

20% AIBN 4700 8700 9.8 1.85 

5% AIBN 5900 9500 12.3 1.63 

0.1% AIBN 5300 11300 11.0 2.15 

 

M2 was polymerized into a fluorinated oligoether homopolymer, P2 by free radical 

polymerization (see Figure 3.1) in toluene using several concentrations of the initiator, 

AIBN, as with P1. After purification of the polymer as with P1, minimal impurities were 
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detected by 1H-NMR. MALDI mass spectroscopy was used to attempt to determine the 

molecular weight of the P2 polymers as with P1, using dithranol as a matrix. However, 

such attempts were unsuccessful. Trials with other matrices, such α-cyano-4-

hydroxycinnamic acid and pentafluorobenzoic acid, which has shown prior success as a 

matrix for fluorous polymers,79 were also unsuccessful. Reactions performed in a neat 

solution of M2 (i.e., without solvent) with 1 % initiator produced a polymer that was not 

soluble in THF or chloroform, but was soluble in perfluorohexane, indicating that this 

polymer is more fluorophilic. Due to the higher concentration of monomer, this polymer is 

expected to have a higher molecular weight (therefore this will be referred to as high 

molecule weight HMW-P2 below) as the chain length of the polymer should be directly 

proportional to the monomer concentration, as shown by the kinetic chain length:21 

𝑣̅ =
𝑘𝑝[M]

2(𝑓𝑘𝑡𝑘𝑑[I])1/2
                                                       (3.1) 

where 𝑘𝑝 is the rate constant for polymerization, 𝑘𝑡 is the rate constant of termination,  𝑘𝑑 

is the rate constant for the decomposition of the initiator, f is the fraction of initiator that 

reacts with the monomer, [M] is the concentration of the monomer and [I] is the 

concentration of the initiator. Unfortunately, attempts to confirm this by determining the 

mass of the HMW-P2 by MALDI were unsuccessful as in the case of MALDI analysis of 

P2, despite trials with several matrices. This is likely due to the difficulties associated with 

ionizing fluorous polymers of sizable molecular weight.79 While other methods, such as 

size exclusion chromatography, may allow the determination of the molecular weight of 

P2 and HMW-P2, due to the high cost of fluorous solvents this was determined to be 

nonessential. In any case, it appears that the increased chain length of HMW-P2 increased 
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the fluorophilicity of the polymer, as the end group makes up a smaller portion of the 

polymer chain. 1H-NMR spectroscopy of HMW-P2 was performed using perfluorohexane 

as solvent with a capillary of C6D6 for signal locking; the resulting spectrum is shown in 

Figure 3.S6. The peak from the methyl groups from the end groups are not visible by 1H-

NMR, likely masked by the signals due to the polymer backbone and impurities in the 

perfluorohexane, suggesting a high degree of polymerization.  

The glass transition temperatures, Tg, of the semifluorinated polymers were 

determined by DSC. The Tg of P1 was determined to be 18.0 ºC for all tested initiator 

concentrations, similar to values found in the literature (17-19 ºC), even though the 

polymers reported in the literature are of slightly higher molecular weight (Mn= 15 and 36 

kg/mol),132, 133 and -43.0 ºC for P2 polymers, which matches well the Tg of -44 ºC for the 

P2 block as reported in the literature for a polystyrene-P2 block-co-polymer.80 These 

values make P1, P2, and HMW-P2 suitable for use as polymer matrixes for ISE 

membranes as they are below the typical operating temperatures of ISEs.20 

3.3.2 Homopolymer Ion-Exchange Electrodes  

 Minor concentrations of impurities in the membrane matrix can affect the response 

of ISEs.28, 75 If there are hydrophobic ionic impurities, then the ISE will respond to ions of 

the opposite charge when no additional ionic sites are added as these impurities act as ion 

exchanger sites. Because the ratio between ionic sites and the ionophore affects the 

selectivity of an ISE, lipophilic ionic impurities can also affect the selectivity of 

membranes with added ionic sites.1 To test for ionic impurities that would interfere in an 

ISE, an electrode was first constructed using P1 (prepared with 20% initiator) and no added 
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ionic sites.  This electrode was conditioned in 1 mM KCl. It showed a slow sub-Nernstian 

(~24 mV/decade) response to cations, and a large drift upon exposure to differing 

concentrations of KCl, indicative of a high resistance membrane with a low concentrations 

of ionic impurities. Indeed, attempts to measure the resistance by the know shunt method 

indicated that the membrane resistance was much larger than 10 GΩ. 

 

Figure 3.3: Membrane components: fluorophilic ionic site, sodium tetrakis[3,5-

bis(perfluorohexyl)phenyl]borate (top left); fluorophilic Ag+ ionophores Ag-Rf8 (n = 8) 

and Ag-Rf10 (n = 10; top right); Ag+ ionophore, Cu(II)-I (bottom left); K+ ionophore, 

valinomycin (bottom right).    

 

To assess the ion selectivity made possible with the homopolymer P1 as ISE 

membrane matrix, ion-exchange membrane electrodes were made with this polymer 
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(prepared with 20% initiator) and the fluorophilic, sodium tetrakis[3,5-

bis(perfluorohexyl)phenyl]borate (Figure 3.3) to provide ion exchanger sites (10 mmol per 

kg of polymer). The resistance of the resulting membranes was determined to be 1.4 ± 0.2 

GΩ, confirming that the addition of the fluorophilic borate significantly lowers the 

membrane resistance. These electrodes gave Nerstian (58 mV/Decade) responses to 

changes in the cation concentrations. Selectivities coefficients are shown Figure 3.4 and 

Table 3.2. The electrodes’ selectivities follow the Hofmeister series. The selectivity range 

of the P1 ion-exchange electrodes is not as broad as for fluorous membrane ISEs made 

with the same ionic site (over 15 orders of magnitude),68 and is closer to that of more 

conventional polymeric membrane ISEs (8 orders of magnitude).68 A partially fluorinated 

polymer may need a higher fluorous content than P1 to provide a larger selectivity range,68 

which may be achieved by increasing the chain length of the fluorous ponytail, however 

for long chain perfluoroalkanes increasing the chain length has been shown to increase the 

glass transition temperature to values that would not be suitable for ISE membranes.133 

Alternatively, it is possible that the functional groups introduced by the initiator are 

responsible for some of the selectivity loss. Therefore, testing of alternative initiators may 

be useful. 

Electrodes constructed from P2 and HMW-P2 with added ionic sites showed 

similar results to those observed with P2. Ion-exchange membrane electrodes were also 

made with P2 (20% initiator) and HMW-P2 (1% initiator) and the fluorophilic ionic site 

in the same manner as those made with P1. The resistance was determined to be 16 ± 1 

MΩ in case of the low molecular weight P2 membrane and 160 ± 20 MΩ  for the HMW-



 

 76 

P2 membrane . This difference is consistent with the increase in fluorophilicity of HMW-

P2 as displayed by its solubility in perfluorohexane. The fact that both the P2 and HMW-

P2 membranes exhibit a substantially lower resistance than the P1 membranes shows that 

the fluorophilic site and its counter ion in the ISE membrane are much more mobile in in 

the fluorous environment provided by the perfluorooligoether side chains of P2 and 

HMW-P2 than this is the case for the perfluorohexyl groups of P1. 

Membranes made from these polymers showed near Nernstian response slopes to 

all ions tested. The selectivity coefficients of these electrodes are shown in Figure 3.4 and 

Table 3.2. The selectivity range of ion-exchange electrodes made from P2 and HMW-P2 

showed a substantially broader selectivity range (13 and 14 orders of magnitude 

respectively) than those made by P1 (8 orders of magnitude) and that of typical PVC ion-

exchangers (8 orders of magnitude). The HMW-P2 has a broader selectivity range than 

the lower molecular weight polymer, likely due to its increased fluorophilicity. The HMW-

P2 selectivity range is approaching that of ion-exchange electrodes made by fluorous 

liquids (16 orders of magnitude). Because these polymers are not perfluorinated, 

membranes made with these polymers are not be expected to match the selectivity range 

shown by the ISEs with perfluorinated sensing membranes. 
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Table 3.2: Selectivity coefficients for various ion-exchange membranes made with PVC, 

P1, P2, HMW-P2, CL-P2, or a fluorous liquid (perfluoroperhydrophenanthrene). 

 Log(KPOT
Cs+,J+) 

Ion 

J 

PVC 

o-NPOE 

P1 P2 HMW-P2 CL-P 2 

6% CL 

CL-P2 

3% CL 

Fluorous 

liquid68 

N(Bu)4
+ 4.41 6.0 ± 0.3 8.4 ± 0.3 10.1 ± 0.2 5.5 ± 0.8 9.5 ± 0.6 11.41 

Ag+ -0.25 1.4 ± 0.3 3.9 ± 0.2 1.3 ± 0.1 0.9 ± 0.3 1.5 ± 0.7 1.4 

K+ -1.07 -0.9 ± 0.3 -1.6 ± 0.1 -1.6 ± 0.1 -1.4 ± 0.6 -1.9 ± 0.8 -2.59 

Na+ -2.90 -1.9 ± 0.1 -2.4 ± 0.3 -3.0 ± 0.1 -2.5± 0.4 -2.4 ± 0.4 -3.75 

Li+ -3.66 -2.3 ± 0.3 -3.3 ± 0.2 -3.2 ± 0.1 -2.5 ± 0.5 -3.1 ± 0.1 -4.01 

Ca2+ -3.79 - -4.4 ± 0.2 -3.8 ± 0.2 -3.6 ± 0.9 -3.9 ± 0.8 -4.35 
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Figure 3.4: Selectivity comparison between ion-exchanger electrodes left to right: PVC 

and o-NPOE,68 P1, P2, HMW-P2, 6% cross-linker CL-P2, 3% cross-linker CL-P2, 

Fluorous liquid (perfluoroperhydrophenanthrene).68 

 

3.3.3 Homopolymer ISEs with Ionophores  

To test the ability of the semifluorinated homopolymers to be used in ISEs, several 

ionophores were used.  Silver ISE membranes with P1 as polymer matrix, 0.5 mmol/kg 

fluorophilic ionic sites, and 1.5 mmol/kg fluorophilic Ag+ ionophore (Ag-Rf10) (Figure 3.3) 

were fabricated, using the same concentrations that have been used with fluorous liquid 

membrane silver ISEs.136 The response of the electrodes toward several ions was sub-

Nernstian. The poor selectivity (Table 3.S1) of the electrodes is likely due to anionic 

impurities in the membrane. 
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 To determine the amount of ionic site needed to overcome the suspected ionic 

impurities in P1, ion-exchanger electrodes with varying concentrations of the added ionic 

site were fabricated. The electrodes’ response was Nernstian for all tested ions and 

selectivity coefficients were obtained, see Figure 3.5.  The large decrease in selectivity 

between the electrodes with 4 and 7 mmol/kg indicates that impurities in the membrane 

likely occur at concentrations between 7 and 4 mmol/kg and that an ionic site concentration 

of at least 7 mmol/kg is needed to overcome this impurity. 

 

Figure 3.5: Ionic site variation for ion-exchanger membranes made from P1. 

 

Silver ISE membranes with high concentrations of membrane components, 7 

mmol/kg fluorophilic ionic site and 21 mmol/kg fluorophilic Ag+ ionophore (Ag-Rf10), to 

overcome the impurities, were fabricated. It has been previously shown that a 1:3 ratio of 

ionic site to the Ag-Rf8 and Ag-Rf10 ionophores gives the best selectivity coefficients, 

suggesting that these ionophores form 2:1 complexes with Ag+.136 It was necessary to wash 

the electrode bodies, beaker, pipettes and reference electrode in 1 M HNO3 for several 
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hours prior to their use to avoid silver ion contamination and to perform the silver 

measurements last to avoid trace silver ion concentrations from affecting the responses to 

interfering ions and therefore would yield inaccurate selectivity coefficients.15 The 

responses of the electrodes toward all tested ions were Nernstian. The limit of detection 

was 1.6 ± 0.1 μM, with a linear range from 5.0 mM to 2.5 μM (see Figure 3.S10). The 

increased concentration of the ionic site and the ionophore significantly improved the 

selectivity of the electrodes, but the selectivities are still not as good as those of the fluorous 

liquid ISEs (see Table 3.3), which is consistent with the inferior selectivities of the 

ionophore-free ion-exchange membranes.  

 

Table 3.3: Selectivity coefficients for Ag+ ISE made with P1, CL-P2, HMW-P2, or 

fluorous liquid (perfluoroperhydrophenanthrene) with fluorophilic ionophores. 

 Ag+ Selectivity (SSM) Log(KPOT
Ag+,J+) 

Ion  

J+ 

P1 

 

Ag-Rf10 

CL-P2 

 

Ag-Rf10 

HMW-P2 

 

Ag-Rf10 

Fluorous 

liquid136 

Ag-Rf10 

CL-P2 

 

Ag-Rf8 

HMW-P2 

 

Ag-Rf8 

Fluorous 

liquid136 

Ag-Rf8 

Cs+ -5.1 ± 0.5 -6.8± 0.6 -5.1 ± 0.1 -9.4   -4.9 ± 0.4 -5.5 ± 0.4 -- 

K+ -5.8 ± 0.5 -4.1± 0.6 -6.1± 0.1 -11.6 ± 0.1  -6.6 ± 0.6  -6.7 ± 0.3 -9.5 ± 0.2 

Na+ -6.3 ± 0.8 -7.7± 0.7 -6.3± 0.1 -12.9 ± 0.1 -7.6 ± 0.8 -7.7 ± 0.4 -10.9 ± 0.2 

Li+ -6.1 ± 0.6 -5.9± 0.5 -6.4± 0.2 -- -7.7 ± 0.7 -8.4 ± 0.3 -- 

Ca2+ -5.6 ± 0.5 -7.1 ± 0.8 -5.3± 0.1 -12.7 -8.4 ± 0.8 -8.6 ± 0.3 -- 

  

Silver ISEs using the HMW-P2, the fluorophilic ionic site (7 mmol/ kg of 

polymer), and the fluorophilic Ag-Rf8 and Ag-Rf10 silver ionophores (21 mmol/ kg of 

polymer) were also tested. Selectivity coefficients for these electrodes are shown in Table 

3.3. Selectivity coefficients could not be determined for Cu2+ due to the unstable signal in 

the presence of this ion. These electrodes showed improvements over those electrodes 
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using the fluorophilic ionophores and P1. Also, surprisingly, the electrodes made with the 

Ag-Rf8 ionophore showed a higher selectivity than those made with the Ag-Rf10 ionophore, 

opposite of the trend observed in the past with the fluorous liquids. It has been previously 

been suggested that the increased selectivity seen by the Ag-Rf10 ionophore over the Ag-

Rf8 ionophore may be due to the perfluorodecyl groups’ contribution to host 

preorganization because very long straight-chain perfluoroalkyl groups tend to not be very 

soluble even in fluorous solvents.136, 147 It may be that in the HMW-P2 system, the longer 

perfluoroalkyl groups of the Ag-Rf10 ionophore actually have a detrimental effect on the 

selectivity because of the difference in solubility in HMW-P2 compared to 

perfluoroperhydrophenanthrene. These selectivity coefficients were, however, still 

substantially less than those of the silver ISEs made with fluorous liquids and the same 

ionophores. For the electrodes made from HMW-P2 with the Ag-Rf10 ionophores, the limit 

of detection was 11 nM, and the linear range was from 15 nM to 0.5 mM (see Figure 3.S10). 

Electrodes made with the Ag-Rf8 ionophore showed a slightly lower limit of detection of 

6.1 nM, and had a linear response down to 15 nM (see Figure 3.S10).  

As the semifluorinated homopolymer P1 is not perfluorinated and is soluble in 

THF, it appeared possible for a wider range of ionophores to be used in ISEs fabricated 

with this polymer while still maintaining some of the benefits of fluorous liquid membrane 

ISEs systems (i.e., increased selectivity and improved resistance to biofouling).  In an 

attempt to improve the selectivity, electrodes were made using the silver ionophore Cu(II)-

I (see Figure 3.4), which has been used to great effect in PVC-based ISEs in the past.148 

ISEs were fabricated with 7 mmol/kg fluorophilic ionic site and 21 mmol/kg Cu(II)-I 
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ionophore. Selectivity coefficients for these electrodes were superior to those obtained 

using the fluorous silver ionophore in this polymer and close to that of the conventional 

PVC Cu(II)-I silver ISE for some ions (see Table 3.4). The electrodes’ response to silver 

(see Figure 3.S10) was Nernstian and had a linear range from 1 mM to 1 μM and a limit of 

detection of 19 ± 1 nM, which is slightly better than for electrodes made with P1 and the 

fluorophilic Ag-Rf10 ionophore. Due to the fluorophilic nature of the HMW-P2, electrodes 

with this polymer and the lipophilic silver ionophore (Cu(II)-I) were not produced. While 

the more fluorophilic HMW-P2 polymer with the fluorophilic ionophores showed 

improved selectivity over similar electrodes made with P1, the P1 electrodes with the 

lipophilic silver ionophore (Cu(II)-I) showed overall slightly better selectivity then those 

made with HMW-P2 and the fluorophilic ionophore.  

 

Table 3.4: Selectivity coefficients for ISEs with lipophilic ionophores 

 Log(KPOT
Ag+,J+)   Log(KPOT

K+,J+) 

Ion, 

J 

P1 

Cu(II)-I  

CL-P2 

Cu(II)-I 

Fluorous 

liquid136 

Ag-Rf10 

PVC148 

Cu(II)-I 

Ion, 

J 
CL-P2 

valinomycin  

PVC15 

valinomycin 

Cs+ -7.4 ± 0.3 -6.7 ± 0.6 -9.4 -- Na+ 
-4.1 ± 0.6 -4.5 ± 0.1 

K+ -7.5 ± 0.1 -8.2 ± 0.7 -11.6 ± 0.1  -7.7 ± 0.1 Ca2+ -6.2 ± 0.7 -6.9 ± 0.1 

Na+ -7.7 ± 0.1 -8.3 ± 0.5 -12.9 ± 0.1 -11.5 ± 0.7 Mg2+ -7.6 ± 0.8 -7.5 ± 0.1 

Li+ ---- -8.6 ± 0.8 -- --     

Ca2+ ---- -9.7 ± 0.6 -12.7 -12.8 ± 0.1     

Cu2+ -6.8 ± 0.4 ---- -13 ± 0.1 -8.2 ± 0.2     
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3.3.4 Semifluorinated Cross-Linked Polymers for ISE Membranes 

While the homopolymers P1 and P2 both could be made into functional ISE 

membranes, they lacked the mechanical stability to be fashioned into self-supported 

membranes and, therefore, still required the Fluoropore support. By cross-linking the 

polymers, the mechanical stability of the polymer can be greatly increased. To achieve this, 

a cross-linked fluorous polymer, CL-P2, was obtained by UV-initiated free radical 

polymerization with M2, AIBN as an initiator, and divinylbenzene as a cross-linker (see 

Figure 3.1). UV initiation was used in place of thermal initiation so that the polymer could 

be easily cross-linked into the desired shape; highly cross-linked polymers are not usually 

soluble and it would not be possible to cast a membrane once polymerized. This process 

produced a polymer that could be cut into membranes suitable for use in ISEs without the 

need of an additional support (see Figure 3.S9). After the polymerization, the polymers 

were washed several times with THF, perfluorohexane, and HFE-7100 to remove any 

remaining initiator and other impurities.  

To create ion-exchange electrodes, fluorophilic ionic site (7 mmol per kg of 

polymer) was dissolved in HFE-7100 and then the solution was used to swell the 

membrane, and the solvent was allowed to evaporate, leaving the ionic site inside of the 

cross-linked polymer. Swelling with perfluorohexane was unsuccessful due to precipitation 

of the ionic site while the solvent was evaporating due to the relatively low solubility of 

the ionic site in perfluorohexane. Attempts made to use THF to swell the polymer resulted 

in membranes that, when used for ion-exchange membranes, resulted in sub-Nernstian or 

no response for many cross-linker concentrations. This is likely due to low swelling with 
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this non-fluorous solvent, which does not allow for sufficient ionic site penetration into the 

polymers. Membranes were made with a variety of initiator and cross-linker combinations.  

Table 3.5 summarizes the characteristics of ion-exchange electrodes made with 

these membranes when exposed to varying potassium ion concentrations. Only membranes 

made with 1 mol % initiator and either 3 or 6 mol % cross-linker had a low failure rate and 

exhibited consistent Nernstian slopes. Membranes made with lower cross-linker 

concentrations did not have the mechanical strength to be used in the Philips body 

electrodes. DSC measurements showed increasing glass transition temperatures with 

increasing cross-linker concentration (see Table 3.6), but none of the membranes had a Tg 

above room temperature. Therefore, all membranes that were robust enough to be used as 

self-supported membranes had sufficiently low glass transition temperatures to allow for 

the ion mobilities needed to function as ISE membranes. To further improve the durability 

of the CL-P2 membrane, a porous Teflon filter membrane was cut to the size of the casting 

dish and placed in the casting dish before the polymerization reaction. This allowed the 

polymer to cross-link within the porous support, further increasing the durability of the 

electrode membrane.  

The measured selectivity coefficients of the ion-exchanger electrodes made with 

the CL-P2 polymers showed that those made with a higher extent of cross-linking had a 

narrower selectivity range due their lower fluorinated content (see Figure 3.4 and Table 

3.2). The selectivity range of the ion-exchanger electrodes made with 1 mol % initiator and 

3 mol % cross-linker (CL-P2) had a selectivity range of approximately 14 orders of 

magnitude, similar to that of the fluorous homopolymer HMW-P2. The limit of detection 
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for K+ of these membranes was 4.6 μM and the typical linear range extended down to 0.02 

mM, as shown in Figure 3.S11. The resistance of the electrodes made with 6% initiator 

CL-P2 was 170 ± 20 MΩ, which was slightly higher than for those made with 3% initiator 

CL-P2, which had a resistance of 70 ± 30 MΩ. This could be explained by the lower glass 

transition temperature of the membranes made with 3% initiator allowing for higher ion 

mobility within those membranes (see Table 3.6). 

 

Table 3.5: Success rate and response slope to K+ of ion-exchange electrodes made with 

cross-linked semifluorinated polymer, CL-P2 

 Initiator Concentration / mol % 

Cross-Link 

Concentration  

mol % 

1.0% 0.5% 0.1% 

Percent 

Responding 

Slope  mV Percent 

Responding 

Slope  mV Percent 

Responding 

Slope  mV 

6.0% 100% 54 ± 4 0% -- 25%  45.5 ± 0.9 

3.0% 100% 58 ± 2 50 % 31 ± 14 0% -- 

1.0% 25 % 33 ± 11 0% -- 0% -- 

 

Table 3.6: DSC measurements of CL-P2 with 1 mol % initiator 

mol % cross-linker Tg / °C 

1% -37.5 ± 0.9 

3% 8.3 ± 0.5 

6% 19.1 ± 0.6 
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Figure 3.6: Schematic of Ag+ ISE made with CL-P2. 

 

 Membranes for silver selective electrodes were made with CL-P2 with 6 mol % 

cross-linker by swelling the CL-P2 membranes with a HFE-7100 solution containing  a 

fluorophilic ionophore (21 mmol per kg of polymer) and the fluorophilic ionic site (7 mmol 

per kg of polymer) and letting the solvent evaporate. These membranes were placed in 

custom made electrode bodies that utilized the same cap and plunger as the Philips body 

electrodes but allowed for the addition of a second solution compartment (see Figure 3.6). 

This setup prevented the silver ions contained in the inner filling solution, which was in 

direct contact with the Ag/AgCl reference electrode, from affecting the selectivity 

coefficient measurements as exposure to the target analyte can cause sub-Nernstian 

response slopes in the response slopes of interfering ions.40 Moreover, it prevented chloride 

ions from enter the ISE membranes and causing precipitation of AgCl in the sensing 

membrane. These electrodes displayed selectivity coefficients for both the Ag-Rf8 and Ag-

Rf10 ionophores that were similar to those observed with silver selective electrodes made 
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from HMW-P2 (see Table 3.3). This shows that the small amount of cross-linker has 

minimal effect on the selectivity of the electrode, which is consistent with the results for 

the ion-exchange electrodes. The limit of detection for these electrodes were, however, 

worse than that those seen for electrodes made with the corresponding homopolymer, 

HMW-P2. The electrodes made from CL-P2 with the Ag-Rf8 ionophore showed only a 

slight increase in the limit of detection to 35 nM, whereas those made with the Ag-Rf10 

ionophores showed a dramatic increase to 2 μM (see Figure 3.S12). This trend is also 

showcased in the linear range of the electrodes, where electrodes made with Ag-Rf10 

ionophore and the CL-P2 showed a slight increase in the lower limit of their linear rage 

(100 nM) when compared to corresponding electrodes made from HMW-P2 (15 nM). Like 

the ion-exchange electrodes made from CL-P2, the average E° for the silver selective ISEs 

varies dramatically between each electrode.  

To test the ability to use traditional lipophilic ionophores in the cross-linked 

membranes, membranes were made using the Cu(II)-I ionophore to make silver selective 

electrodes and valinomycin to make a potassium selective electrode. Valinomycin and 

Cu(II)-I are not soluble in HFE-7100; however, a 2:1 mixture of HFE-7100 and THF was 

found to be a suitable solvent for the delivery of this ionophore into the CL-P2 membranes.  

Selectivity coefficients measured for the silver ISEs with the Cu(II)-I ionophore 

were superior to those obtained with the fluorophilic ionophores in CL-P2 and P2 as well 

as those obtained with the Cu(II)-I ionophore in P1 (see  Table 3.4). However, these are 

still inferior to those obtained with this ionophore in PVC.148 Selectivity coefficients could 

not be determined for Cu2+ with the CL-P2 membranes due to unstable signal in the 
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presence of this ion. The limit of detection of these silver ISEs was 13 ± 4 nM, with a linear 

range from 100 to 0.1 μM (see Figure 3.S12). Selectivity coefficients obtained for the 

potassium ISEs made with CL-P2 and valinomycin were similar to those for  potassium  

ISEs made from PVC and valinomycin (see Table 3.4).15 These electrodes showed a limit 

of detection of 0.7 ± 0.5 μM and a linear range from down to 2.0 μM, see Figure 3.S12. 

These values are more than sufficient for most applications. For example, in human blood 

the typical range for potassium is 3.5 - 5.5 mM while sodium is 135 - 145 mM, and calcium 

and magnesium are only 1.03 - 1.23 and 0.49 - 0.59 mM, respectively.149-152 The ability to 

use lipophilic ionophores, which are widely available, should allow for an expanded use of 

fluorous membrane ISEs. With the fluorous liquid, their application was limited due to the 

small selection of soluble ionophores. 

3.3.5 High Temperature Testing 

To test the ability of the CL-P2 membranes to survive exposure to high 

temperatures, the K+ selective CL-P2 electrodes were heated in a solution of 1 mM KCl. 

The electrodes still showed a Nernstian response slope after being slowly heated to 90 °C 

over a period of 2 h and then cooled. The electrodes were then heated for an additional h 

to 90 °C. During this time, the electrodes suffered from a large drift, and upon cooling only 

75% continued to respond to changes in the potassium concentration. While these 

electrodes still gave a Nernstian slope, their limit of detection was increased from 0.7 ± 0.5 

μM to 6.0 ± 3.1 μM. After heating for 4 more hours to 90 °C no additional electrodes failed. 

All functioning electrodes gave a Nernstian response and showed no increase in the limit 

of detection after cooling. The electrodes were then placed in a boiling 1 mM KCl solution 
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for 3 h and still exhibited a near Nernstian (> 50 mV/decade) response slope after cooling, 

although there was a slight increase in the limit of detection to 8.1 μM. The electrodes were 

then placed in the boiling solution for an additional 13.5 h for a total of 17.5 h under boiling 

conditions, cooling and calibrating periodically (see Figure 3.7 and Table 3.S2). The 

electrodes showed Nernstian response slopes and no change in the limit of detection until 

12.5 h of boiling, at which point 25% had sub-Nernstian slopes. The number of electrodes 

exhibiting Nernstian response slopes continued to drop until after 17.5 h, when none gave 

Nernstian response slopes. Further heating resulted in damage to several of the Philips 

bodies, so the experiment was halted. These tests subjected the electrodes to harsh thermal 

conditions as well as increased internal pressure on the membrane. It seems that except for 

some early failures, the membranes are very durable to elevated temperatures, and that the 

failure rate of such electrodes could be reduced by utilizing more thorough quality control.  

As these membranes can function after being heated to 100 °C for several hours they should 

be suitable for all but the highest temperature aqueous solution applications. 

   Potassium selective electrodes made with plasticized PVC membranes were also 

made to enable a comparison of the heat stability of PVC membranes to that of cross-linked 

membranes (see Figure 3.7 and Table 3.S2). Looking in the literature, it seemed that 

plasticized PVC membranes have only rarely been reported to be used in applications at 

temperatures exceeding 50 °C.43, 44 It was therefore hypothesized that the PVC electrodes 

would fail quickly at high temperatures because they lack the additional durability provided 

by cross-linking. The PVC electrodes were exposed to the same harsh conditions as the 

cross-linked fluorous polymer electrodes. Surprisingly, the PVC electrodes performed 
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much better than expected, surviving when heated to 90 °C and still showing a Nernstian 

response slope upon cooling. They did, however, show large amounts of noise and drift 

while measuring at elevated temperatures. The electrodes showed a Nernstian response 

slope at room temperature after being heated at 90 °C for 5 h. Two-thirds of the PVC 

membranes showed a sub-Nernstian response to K+ at room temperature after being placed 

in the boiling 1 mM KCl solution for 3 h. After 2 additional hours, for a total of 5 h in the 

boiling solution, all of the electrodes suffered from an erratic response with large drift when 

tested in room temperature solutions of KCl. These results show that while the PVC 

electrodes are inferior to the cross-linked membranes, they are also suitable for some high 

temperature aqueous applications and are therefore likely being underutilized.  

 

 

Figure 3.7: Percent of PVC or CL-P2 polymer K+ ISEs responding at 23 °C after heating 

at 90 °C or in a boiling solution.  
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3.4 Conclusions 

 Several semifluorinated polymers have been synthesized and utilized as ISE 

membranes with fluorophilic ionic sites and both fluorophilic and lipophilic ionophores. 

Ion-exchange electrodes made with P1 did not show such a broad selectivity range as 

previously observed with fluorous liquid membrane ion-exchange electrodes, while those 

made with P2 showed much broader selectivity ranges than those made with P1, 

approaching the selectivity range of electrodes made with fluorous liquids. ISEs utilizing 

both of these polymers and a fluorophilic ionophore were highly selective, however they 

showed less selectivity then their fluorous liquid counterparts. These polymers do, on the 

other hand, allow for the use of a broader range of ionophores, as several lipophilic 

ionophores have been used to fabricate ISEs with these polymers. Additionally, a self-

supported semifluorinated polymer membrane ISE was created by cross-linking a 

fluorinated oligoether monomer, to form CL-P2. Highly selective ISEs have been 

fabricated with this material using both fluorophilic and lipophilic ionophores. The 

selectivity coefficients of the potassium electrodes made from the CL-P2 using 

valinomycin approach that of the best PVC based potassium electrodes utilizing this 

ionophore. This membrane showed excellent resistance to high temperatures, functioning 

after being heated to 90 °C, and many still functioned after exposure to boiling 1.0 mM 

KClaq for 10 hours. Due to their fluorophilicity and lack of plasticizer, it is suspected that 

ISEs made with these materials should be resistant to biofouling. We hope to test this 

property in the near future. Due to the ability to control the polymerization, these polymers 

would also be ideal for addition of covalently attached ionic sites and ionophores, which 
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would further improve the resistance to biofouling and improve the lifetime of such 

sensors.  

 

3.5 Supporting Information 

3.5.1 Attempted Synthesis of Monomer 3 Fluorous Oligoether (M3)   

Attempts to synthesize M3 were similar to that of M2. This synthesis used the 

fluorous alcohol 1H,1H-Perfluoro(2,5,8-trimethyl-3,6,9-trioxadodecan)-1-ol as starting 

material. The reaction was attempted in the following solvents: dichloromethane, HFE-

7100, perfluorohexane, and trichloro-trifluoro-ethane, as well as the mixtures of 1:1, 1:2, 

2:1, 5:1, and 1:5 of dichloromethane and the fluorinated solvents. Attempts were also made 

by extending the reaction time to 2 d. However, none of the reactions produced the desired 

product.   

 

Figure 3.S1: Structure of semifluorinated monomer, M3. 
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3.5.2 Homopolymer Electrode Body Diagram 

 

Figure 3.S2: electrode fabrication for ion-exchange electrodes made with fluorous 

polymers. 
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3.5.3 NMR, MALDI and DSC Spectra  

 

Figure 3.S3: 1H-NMR of the semifluorinated M1 (1H,1H,2H,2H-perfluorooctan-1-

yl)styrene in CDCl3. 
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Figure 3.S4: 1H NMR spectra of synthesized fluorinated oligoether monomer, M2. 
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Figure 3.S5: 1H-NMR spectra of semifluorinated polymer, P1 in CDCl3 prepared with 

20% mol percent AIBN. The broad peaks are indicative of a polymerized molecule, where 

each repeat unit is in a slightly different chemical environment.  
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Figure 3.S6: 1H-NMR spectra of HMW-P2 in perfluorohexane with a C6D6 capillary for 

reference. Several of the peaks in this spectra are due to impurities in the perfluorohexane, 

as evident from the 1H-NMR spectrum of perfluorohexane only. The broad peaks are 

indicative of a polymerized molecule, where each repeat unit is in a slightly different 

chemical environment.  
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Figure 3.S7:  MALDI mass spectrum of P1 prepared with 20 mol % initiator; dithranol as 

matrix. 

 

Figure 3.S8: DSC of P1 made with 20 mol % initiator. 
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Figure 3.S9: Cross-linked semifluorinated polymer. 
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3.5.4 ISE Response Curves 

 

Figure 3.S10:  Average response to Ag+ of several Ag+ ISEs made with P1 membranes and 

Ag-Rf10 ionophore (top left); P1 membranes and Cu(II)-I ionophore (top right); HMW-P2 

membranes and Ag-Rf8 ionophore (bottom left); and HMW-P2 membranes and Ag-Rf10 

ionophore (bottom right) 



 

 101 

 

Figure 3.S11: Response to K+ of an ion-exchange membrane made with a CL-P2 

membrane. 
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Figure 3.S12: Responses to Ag+ of Ag+ ISEs made with CL-P2, fluorophilic ionic site and 

with (top left) Ag-Rf8 ionophore, (top right) Ag-Rf10 ionophore, and (bottom left) Cu(II)-I 

ionophore. Responses to K+ of K+ ISE made with CL-P2 and valinomycin (bottom right). 

The E° vales of electrodes made from CL-P2 varied greatly between different electrodes; 

therefore, examples of typical responses for each type of electrode are shown. 
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3.5.5 Selectivity and Thermal Response Data 

Table 3.S1: Selectivity coefficients of several Ag+ electrodes made with P1. 

 Selectivity (SSM) Log(KPOT
Ag+,J+) 

Ion, 

J 

P1 

1.5 mmol/kg 

Ag-Rf10 

P1 

21 mmol/kg 

Ag-Rf10 

Fluorous 

liquid  

Ag-Rf10 

Cs+ -1.10 ± 0.7 -5.1 ± 0.5 -9.4 

K+ -1.66 ± 0.4 -5.8 ± 0.5 -11.6 ± 0.1 

Na+ -1.29 ± 0.4 -6.3 ± 0.8 -12.9 ± 0.1 

Li+ -1.24 ± 0.6 -6.1 ± 0.6 -- 

Cu2+ ------ -5.6 ± 0.5 -13.0 ± 0.1 

 

Table 3.S2: Response of PVC based and semifluorinated cross-linked polymer based 

electrodes to K+ at 23 °C after heating to 90 ºC for different time periods or exposure to 

boiling solutions for different time periods, showing the percent of tested ISEs that 

responded with slopes between 50 and 60 mV/decade, less than 50 mV/decade and those 

with no response (N.R.)  

 90 °C 

Heating time (h) 1 3 5 

Response slope 

(mV /decade) 

N.R. < 50  50-60 N.R. < 50  50-60 N.R. < 50  50-60 

PCV % 

response 

0 0 100 0 0 100 0 0 100 

Average 

slope  

(mV / 

decade) 

- - 54.1 - - 53.4 - - 52.9 

Cross- 

linked 

% 

response 

25 0 75 25 0 75 25 0 75 

 Average 

slope  

(mV / 

decade) 

- - 59.0 - - 56.0 - - 56.4 
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 Boiling solution 

Heating time (h) 3 5 7.5-10 

Response slope 

(mV /decade) 

N.R. < 50  50-60 N.R. < 50  50-60 N.R. < 50  50-60 

PCV % 

response 

0 66.6 33.3 100 0 0 100 0  

Average 

slope  

(mV / 

decade) 

- 17.5 51.4 - - - - - - 

Cross- 

linked 

% 

response 

25 0 75 25 0 75 25 0 75 

 Average 

slope  

(mV / 

decade) 

- - 53.4 - - 53.0 - - 55.7 

 

 Boiling solution 

Heating time (h) 12.5 15 17.5 

Response slope 

(mV /decade) 

N.R. < 50  50-60 N.R. < 50  50-60 N.R. < 50  50-60 

PCV % 

response 

100 0 0 100 0 0 100 0  

Cross- 

linked 

% 

response 

25 25 50 25 50 25 25 75 0 

 Average 

slope  

(mV / 

decade) 

- 20.0 52.8 - 18.9 50.2 - 22.9 - 
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4 CHAPTER FOUR: 

 

Donnan Failure of Ion-Selective Electrodes with 

Hydrophilic High-Capacity Ion-Exchanger 

Membranes 

Reprinted in part with permission from: 

 Ogawara, S; Carey, J. L., III; Zou, X; and Bühlmann, P., Donnan Failure of Ion-Selective 

Electrodes with Hydrophilic High-Capacity Ion-Exchanger Membranes, ACS Sensors, 

2015, Just Accepted Manuscript, DOI: 10.1021/acssensors.5b00128.   

Copyright © 2015 American Chemical Society 

Available on web at http://pubs.acs.org/doi/abs/10.1021/acssensors.5b00128 

 

This work was a joint effort by this author, Shogo Ogawara, Xu U. Zou who performed 

many of the Potentiometric measurments. 
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Hydrophilic ion-exchanger membranes with a high ion-exchange capacity find not 

only numerous applications in ion separations but have also interesting properties when 

used as sensing membranes of ion-selective electrodes (ISEs). As pointed out in the 

literature, the hydrophilic nature of these membranes may reduce biofouling of ISE sensing 

membranes as caused by electrically neutral, hydrophobic interferents. This work shows 

that hydrophilic high-capacity ion exchanger membranes are more resistant to Donnan 

failure (i.e., the limitation of the upper detection limit by co-ion transfer into the sensing 

membrane) than both hydrophobic ionophore-doped and hydrophobic ionophore-free ion-

exchanger membranes. Nernstian responses of hydrophilic anion-exchanger membranes 

were found for anions as large as 2.0 nm, in spite of the crosslinked nature of the anion 

exchanger that was used. This shows that the high resistance of hydrophilic anion-

exchangers to Donnan failure caused by cations such as tetrabutylammonium is not the 

result of size exclusion. For typical ions, the hydrophilicity of the anion exchanger does 

not play a decisive factor either. Instead, the excellent resistance to Donnan failure 

exhibited by hydrophilic ion exchange membranes is primarily caused by the high activity 

of exchangeable ions in the ion exchanger phase, which disfavors partitioning of ions of 

opposite charge (along with target ions) from samples into these sensing membranes. The 

absence of Donnan failure caused by hydrophobic co-ions may be of substantial benefit for 

measurements in biological samples. 
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4.1 Introduction 

The majority of measurements with ion-selective electrodes (ISEs)1, 4, 153-156 are 

performed in their linear (Nernstian) response range. Deviations of the emf response from 

linearity at the lower or upper detection limit are usually accompanied by other problems 

too, such as increased response times and lower selectivities. The deviation from linearity 

at the upper detection limit, which occurs when samples contain hydrophobic co-ions, is 

known as Donnan failure.28, 51, 52, 157-161 The resistance of ISEs to Donnan failure is 

important, especially when ISEs are used in samples that contain organic hydrophobic co-

ions, as it is often the case for samples of biological origin. 

Different approaches have been described in the literature to reduce interferences from 

electrically charged and neutral, lipophilic interferents. Fluorous ISE membranes8, 68, 73, 75 

were introduced because fluorous phases are both hydrophobic and lipophobic, and exhibit 

particularly high selectivities, in part because of the poor solvation of interferents by the 

fluorous membrane matrix.69-71 More recently, it was pointed out that ISEs with 

hydrophilic, polymeric ion-exchanger membranes suffer less from interferences by 

lipophilic ions of the same charge sign as the analyte than ISEs with conventional 

hydrophobic (i.e., lipophilic) sensing membranes.94 It was explained that the transfer of 

hydrophilic ions from an aqueous sample into a water-swelled hydrophilic ion-exchanger 

membrane does not require the dehydratization of these ions and, therefore, does not result 

in a selectivity for lipophilic over hydrophilic ions.94 The same can also be said about 

potentiometric sensors based on water-filled nanopores.158, 162 which have ionic sites and 

ionophores covalently attached to the nanopore walls.  
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From a fundamental point of view, Donnan failure is a well-understood phenomenon 

that can be interpreted in two complementary and equally valid ways. On the one hand, 

one may focus on the ion with a charge sign opposite to the analyte ion, typically referred 

to as the co-ion. In this view, the failure of co-ion exclusion from the sensing membrane, 

i.e., Donnan failure, is favored by any chemical interaction that lowers the chemical 

potential of the co-ion in the sensing membrane, such as solvation and ion pair formation, 

and it is disfavored by the electrical potential difference across the sample/membrane 

interface. Using this explanation, the extent of Donnan failure can be discussed 

quantitatively on the basis of the electrochemical potential of the co-ion, which includes 

both thermodynamic and electrostatic components.52 The latter are directly correlated to 

the surface charge density,157, 158 which has to reach a minimum value to permit 

permselectivity, e.g., of a nanopore,158, 163, 164 or result in the failure of a liquid junction 

based on a nanoporous glass plug.121  

Alternatively, Donnan failure may be discussed in terms of partitioning of salts 

consisting of the analyte ion along with a co-ion between the aqueous sample and the 

sensing membrane. As long as the concentration of such salts in the sample is low, a 

Nernstian response to the target ion is observed, and the concentration of the co-ion in the 

sensing membrane is very low in comparison to the analyte ion. Donnan failure is reached 

when the transfer of the salt consisting of the analyte ion and a co-ion into the sensing has 

reached a level that the ratio of these two ions in the sensing membrane approaches their 

ratio in the salt52, 165 (and, concomitantly, the analyte ion concentration in the sensing 
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membrane starts to exceed substantially the ion exchanger capacity of the sensing 

membrane). 

While Donnan failure as a phenomenon is well understood, a comparison of the extent 

of Donnan failure of different types of ISE membranes has not been reported. We were 

interested in such a comparison, in particular in view of the promise of hydrophilic high-

capacity ion-exchanger (HHCIE) membranes for measurements in biological samples, but 

also because of our recent interest in using ISEs with HHCIE membranes to monitor 

nanoparticle syntheses.166 For a better understanding of the advantages of ISEs with 

HHCIE membranes, we compare here the Donnan failure characteristics of a typical 

commercial HHCIE membrane with those of ionophore-free167 and ionophore-doped 

hydrophobic ISE membranes. The widely used plasticized poly(vinylchloride) (PVC) was 

chosen in this work as the membrane matrix for the hydrophobic ISE membranes, which 

is why the ion-exchanger and ionophore-free membranes are referred to in the following 

as PVC/IE and PVC/ionophore membranes, respectively. The high hydrophilicity of the 

HHCIE membranes used in this work is highlighted by the fact that they take up 11.5 wt 

% water at T = 25 ℃, which is two orders of magnitude more than the water content of 0.1 

wt % reported for plasticized PVC membranes.168 Undoubtedly, the this high 

hydrophilicity is to a large extent the result of the high ion exchange capacity of the HHCIE 

membranes, which in this study exceeded the ion exchange capacity of the ionophore-free 

ion exchanger membranes with a plasticized PVC matrix by a factor of 16. We also tested 

whether size exclusion has an effect on the performance of ISEs with the HHCIE 

membranes. 
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4.2 Experimental Section 

4.2.1 Materials  

All tetraalkylammonium salts were of >98%, purity and were used as received. Sample 

solutions were prepared using deionized and charcoal-treated water (0.18 MΩ cm specific 

resistance) obtained with a Milli-Q PLUS reagent grade water system (Millipore, Bedford, 

MA, USA). High molecular weight poly(vinyl chloride) (PVC), 2-nitrophenyl octyl ether 

(o-NPOE), tridodecylmethylammonium chloride (TDDMACl), and potassium tetrakis(4-

chlorophenyl)borate (KTpClPB) were purchased from Fluka (Buchs, Switzerland), 

5,10,15,20-tetraphenyl-21H,23H-porphine manganese(III) chloride (Mn(III)TPPCl, 

Figure 4.1) from Sigma Aldrich (St. Louis, MO, USA), and disodium 4-hydroxy-3-10-1-

naphthalenesulfonate (carmoisine, >95% purity; see Figure 4.2) from Pfaltz & Bauer (W. 

Chester, PA, USA).  

 

Figure 4.1: Structure formula of the ionophore Mn(III)TPPCl. 
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Figure 4.2: Structure formula of carmoisine; shown here as the dianion, which is the 

dominant species in mildly acidic solutions and up to pH 8.6 (see Experimental Section). 

 

4.2.2 Ion-selective membranes 

The anion exchange membranes sold by FuMA-Tech GmbH, Bietigheim-Bissingen, 

Germany) as “FAB anion exchange membranes”169 (a PEEK reinforced anion exchanger 

resin, 0.13 mm thick, sold in a form loaded with bromide as counter ion, ion exchange 

capacity >1.3 mol/g for a monovalent anion, electrical resistance <1 Ω cm2, 11.5 wt % 

uptake in H2O at T = 25 ℃) are referred to in the following as HHCIE membranes. While 

the manufacturer does not comment on the chemical structure of the ionic sites of these 

membranes, they are reported as being extremely acid resistant, which led us to suspect 

that the ionic sites are trimethylammonium groups, as they are commonly used in many 

commercial anion exchange membranes. To confirm this, we exposed FAB membranes for 

3 days at 60 ºC to a 2 M KOHaq solution, and then extracted this solution with CDCl3. 
1H-

NMR spectra of the organic phase indeed showed a peak consistent with trimethylamine 

at 2.23 ppm. Moreover, upon addition of a few drops of trifluoroactic acid, this peak 
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disappeared and a new peak appeared at 2.87 ppm, consistent with the protonated form of 

trimethylamine. We conclude that FAB anion exchange membranes indeed contain 

trimethylammonium groups.  

To fabricate the sensors, fresh HHCIE membranes were sandwiched between two note 

cards, and a hole punch was used to cut out 13 mm diameter disks. PVC/IE membranes 

were prepared by dissolving the membrane components (66 mg PVC as polymer matrix, 

132 mg o-NPOE as plasticizer, 8.4 × 10-2 mmol/g TDDMACl to provide cationic sites) in 

tetrahydrofuran,1, 31 pouring of the resulting solution into a Petri dish (31 mm i.d.), and 

allowing the solvent to evaporate at room temperature overnight.170 The resulting 

membranes had a thickness of approximately 100 μm. PVC/ionophore membranes were 

prepared the same way from a tetrahydrofuran solution of 66 mg PVC, 132 mg o-NPOE, 

8.6 × 10-3 mmol/g Mn(III)TPPCl as ionophore, and 3.0 × 10-3 mmol/g KTpClPB as cationic 

sites (molar ratio of cationic sites to ionophore, 0.35:1.00).171-173 

4.2.3 Ion-selective electrodes 

HHCIE membranes were mounted into custom-machined electrode bodies made from 

poly(chlorotrifluoroethylene).68 A screw cap with an 8.3 mm diameter hole in the middle 

was screwed onto bodies holding the membranes, mechanically sealing the membrane 

perimeter while leaving its center exposed. PVC/IE and PVC/ionophore membranes were 

then cut and glued with tetrahydrofuran onto the end of a Tygon tube (4.8 mm i.d., 7.9 mm 

o.d.). An inner filling solution was added into the electrode body (1 mmol L-1 of NaCl for 

Cl- measurements; 1 mmol L-1 of KCl and carmoisine for the carmoisine measurements) 

along with an AgCl-coated Ag wire as internal reference electrode. An electrochemical cell 
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was obtained by immersion of the thus fabricated measuring electrode and a double-

junction type external reference electrode (DX200, Mettler Toledo, Switzerland; saturated 

KCl as inner solution, and 1 mol L-1 LiOAc as bridge electrolyte) into sample solutions. 

Prior to measurements, all electrodes were conditioned for 20 h in a solution identical with 

the inner filling solution. In the activity range of Nernstian responses to chloride, it took 

the electrodes only seconds to reach a stable emf, suggesting that response times were 

limited by how quickly samples were exchanged. As expected, response times were longer 

(up to a minute) in the region of Donnan failure, where significant ion exchange between 

the aqueous samples and the electrode membrane occurred. Response times to carmoisine 

were ≈30 s, which may be related to the larger size of this ion174 (see also Results and 

Discussion). 

EMF Suite 1.03 software (Fluorous Innovations, Arden Hills, MN, USA) was used to 

control an EMF 16 potentiometer (Lawson Labs, Malvern, PA, USA). The entire procedure 

was measured for each electrode at least in duplicate. Ion activities were calculated 

according to the extended Debye−Hückel approximation.163 Liquid junction potentials at 

the reference electrode were calculated using the Henderson approximation,143 except for 

the carmoisine responses, where no correction was attempted due the lack of appropriate 

parameters. 

4.2.4 Carmoisine measurements 

The two sulfonic acid groups of carmoisine are strongly acidic. Their pKa values were 

predicted to be -3.2 and -1.1.175 The pKa of the phenolic group of carmoisine (pKa3) was 

determined by titration of a carmoisine solution with 0.1 M NaOH after degassing of all 
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solutions for 1 h with argon. Fitting with Mathematica 8 (Wolfram Research, Champaign, 

IL, USA) using the Henderson-Hasselbalch equilibrium176 gave the pKa3 of carmoisine as 

8.6. This value is close to the pKa2 of the similar compound p-hydroxybenzenesulfonic 

acid, which was reported as 8.8.177 This shows that in mildly acidic solutions and up to pH 

8.6 carmoisine occurs predominantly as a dianion.  

For the potentiometric carmoisine calibration curves, aliquots of a concentrated 

carmoisine solution were added to a solution initially containing 1.0×10-7 mol L-1 

carmoisine. In the range of carmoisine concentrations from 1.0×10-7 to 1.0×10-2 mol L-1, 

the independently measured pH of the carmoisine solutions was between 6.5 and 8.0, 

confirming that the majority of carmoisine in these solutions was in the dianion form.  

 

4.3 Results and Discussion 

Donnan failure was assessed in this work by measurements of chloride as the target 

ion, using the tetrabutylammonium and tetrahexylammonium cations as hydrophobic 

model co-ions in the aqueous sample phase. These hydrophobic co-ions were chosen 

because they both prefer organic over aqueous phases (see ref. 178 and the discussion 

below), because they do not interact specifically with any of the ISE membrane 

components used in this study, and because their symmetric nature minimizes ion pair 

interactions. Measurements of the chloride response of ISEs with HHCIE, PVC/IE, and 

PVC/ionophore membranes were performed both at constant concentrations of a 

hydrophobic co-ion and by varying the concentrations of tetrabutylammonium and 

tetrahexylammonium chloride. In the experiments with a constant co-ion concentration, 
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tetraalkylammonium dihydrogenphosphate solutions of pH 8 were used to give a constant 

background concentration of a tetraalkylammonium ion because the highly hydrophilic 

phosphate shows only very small interference with the chloride responses of the PVC/IE 

and PVC/ionophore ISEs. 

4.3.1 emf Responses to chloride at constant tetrabutylammonium concentrations 

We evaluated the emf responses of all three types of ISEs using samples with different 

concentrations of the tetrabutylammonium cation. Responses to chloride were measured 

by adding to a tetrabutylammonium phosphate solution (adjusted to pH = 8.0 with NaOH) 

aliquots of a concentrated solution of NaCl (in a tetrabutylammonium phosphate solution, 

pH 8.0, of the same concentration) while monitoring the emf. This kept the 

tetrabutylammonium concentration constant while continuously increasing the chloride 

concentration. Figure 4.3 shows the resulting chloride responses.  
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Figure 4.3: emf responses of ISEs with HHCIE or PVC/IE membranes to NaCl in a 

background of (○, △) 1.0 mM or (●, ▲) 10.0 mM tetrabutylammonium phosphate (pH 8). 

emf responses of ISEs with a PVC/ionophore membrane to NaCl in a background of            

(◇) 0.5 mM or (◆) 5.0 mM tetrabutylammonium phosphate (pH 8). 
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Despite a background concentration of the tetrabutylammonium cation as high as 10 

mM, the HHCIE membranes showed a Nernstian response to chloride. The chloride 

response of the PVC/IE ISEs exhibited a slightly reduced response slope at the highest 

tetrabutylammonium concentration (10 mM), but a Nernstian response at lower 

concentrations of this hydrophobic co-ion. It may appear surprising that the energetically 

very favorable transfer of tetrabutylammonium from water into a hydrophobic phase does 

not result in a more pronounced extent of Donnan failure of the hydrophobic ion exchanger 

membrane. However, the explanation for this finding is straightforward, and can be found 

in the Gibbs free energies of ion partitioning between water and an organic phase. 

Importantly, it requires that both the analyte anion and the co-ion be considered. While 

indeed the transfer of tetrabutylammonium from water into both 1,2-dichloroethane and 

nitrobenzene has been reported to be very favorable (–21.8 and –24.0 kJ/mole, 

respectively),178 partitioning of chloride from water into an organic solvent of low polarity 

is more unfavorable and overcompensates for the cation hydrophobicity (free energies of 

partitioning are +46.4 and +29.7 kJ/mole for 1,2-dichloroethane and nitrobenzene, 

respectively).178 Since Donnan failure is the result of the net transfer of the cation and anion 

from the aqueous phase into the sensing phase, an increase in the vulnerability to Donnan 

failure when switching from a hydrophilic to a hydrophobic ion exchanger phase is only 

expected if the sum of the partitioning energies of the cation and anion is negative, which 

based on partition energies reported in the literature does not appear to be the case for 

tetrabutylammonium chloride.  
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It follows that the slightly higher resistance to Donnan failure of HHCIE membranes 

as compared to PVC/IE membranes is largely the result of the higher ion exchanger 

capacity of the former type of membranes. This can be readily understood by considering 

the salt partitioning equilibrium between the sample and the sensing phase, as described by 

the partition coefficient: 

KR
+

Cl
– = (a R

+
,mem aCl

–
,mem) / (a R

+
,aq aCl

–
,aq)                               (4.1) 

where R+ represents the tetrabutylammonium ion, and mem and aq refer to the sensing 

membrane and the aqueous sample, respectively. As expected in view of Le Châtelier’s 

principle, a high activity of chloride in the sensing phase as a result of the high anion 

exchanging capacity of the HHCIE membrane helps to keep the tetrabutylammonium ion 

concentration in the sensing membrane low,52 minimizing tetrabutylammonium chloride 

transfer into the chloride loaded ion exchanger.  

Interestingly, ISEs with PVC/ionophore membranes suffered strongly from Donnan 

failure and gave hardly any emf response. This too can be readily understood by 

considering the free energies of partitioning of both chloride and the tetrabutylammonium 

cation from water into the sensing phase. In this case, the transfer of chloride into the 

plasticized PVC membrane is much more favorable since it is assisted by complexation of 

chloride to the ionophore. Formally, the same equilibrium constant KRCl is valid as for the 

ionophore-free PVC/IE membrane, but the relevant aCl
–

,mem is not representative of all the 

chloride in the sensing membrane but only of the activity of the chloride ions that are not 

bound to the ionophore. Consequently, the much lower free chloride activity in the sensing 

membrane opposes Donnan failure to a much lesser extent.52 
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4.3.2 emf responses to tetraalkylammonium chlorides 

In order to make conditions more favorable for Donnan failure, further experiments 

were performed by measuring responses of all three electrode types to tetrabutylammonium 

chloride up to high concentrations. Figure 4.4 shows the resulting emf responses, along 

with responses to NaCl for comparison. (Table 4.S1 of the Supporting Information lists the 

corresponding response slopes.) Again, the HHCIE membranes show nearly ideal 

responses not only to NaCl but also to tetrabutylammonium chloride. The PVC/IE 

membrane also performs fairly well, showing only a slightly sub-Nernstian response in the 

high concentration range for tetrabutylammonium chloride. On the other hand, the emf 

response of the PVC/ionophore underwent massive Donnan failure at around log aCl- = –

3. Interestingly, the PVC/ionophore showed a response as expected theoretically for a 

monocation from -2.4 to -0.7 mol L-1 tetrabutylammonium chloride. In view of earlier 

discussions of the Donnan failure of ionophore-based ISE,52 this monocation response 

suggests that in this concentration range (i) all the ionophore in the ISE membrane is 

present in the form of chloride complexes, (ii) the tetrabutylammonium concentration in 

the membrane is high and equals the difference between the concentration of the total 

ionophore and tetrakis(4-chlorophenyl)borate, but (iii) the membrane concentration of 

chloride not bound to ionophore is still low. Consequently, the ISE exhibits the same 

response as it would be expected for membrane doped only with tetrabutylammonium 

tetrakis(4-chlorophenyl)borate. 
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Figure 4.4: emf responses of ISEs with HHCIE, PVC/IE or PVC/ionophore 

membranes to NaCl (○, △, ◇) or tetrabutylammonium chloride (●, ▲, ◆). Measurements 

were performed either by dilution of a 0.1 mol L-1 NaCl solution with water or addition of 

concentrated aliquots of tetrabutylammonium chloride to 1.0×10-7 mol L-1 

tetrabutylammonium chloride. 
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In an effort to make Donnan failure even more favorable and enforce a larger 

distinction between the performance of the HHCIE and PVC/IE membranes, emf responses 

to tetrahexylammonium chloride were measured as well (see Figure 4.5). Under these most 

extreme conditions, the HHCIE membranes still exhibited a large slope in response to 

chloride but the PVC/IE membranes showed massive Donnan failure. This confirms what 

is also evident from the chloride responses in the presence of tetrabutylammonium ion, i.e., 

that among all three membrane types the HHCIE membranes are most resistant to 

interference from hydrophobic co-ions.  
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Figure 4.5: emf responses of HHCIE (●) and PVC/IE (▲) electrodes to chloride, as 

obtained by successive dilution of a 0.025 mol L-1 tetrahexylammonium chloride solution. 

The response slope for the HHCIE ISEs was -52.1 ± 0.5 mV in the range of Log aCl- of -

1.7 to -2.8. 
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Again, it is interesting to interpret this data in view of ion partitioning between aqueous 

samples and the sensing phases. The tetrahexylammonium ion is substantially more 

hydrophobic than the tetrabutylammonium ion (consider, e.g., the free energies of partition 

from water into 1,2-dichloroethane of –21.8 and –47.7 kJ/mole for the 

tetrabutylammonium and tetrahexylammonium ions, respectively).178 However, the salt 

tetrahexylammonium chloride still does not exhibit a large preference for a water-

immiscible organic phases of low polarity, which can be explained by the high 

hydrophilicity of chloride (consider, e.g., the free energy of partition from water into 1,2-

dichloroethane +46.4 kJ/mole).178 Importantly, tetraalkylammonium chlorides with a 

higher hydrophilicity than tetrahexylammonium chloride have only a very limited 

solubility in water 179 and, therefore, cannot reach concentrations high enough to lead to 

Donnan failure of ISEs with HHCIEs. This suggests that not only in the case of the 

tetrabutylammonium and tetrahexylammonium cations discussed here but indeed in the 

majority of cases of practical relevance, Donnan failure in potentiometric measurements of 

chloride with HHCIE membranes is absent primarily because of the high ion exchanger 

capacity and not because of the hydrophilic nature of these HHCIE membranes. Only in 

measurements of substantially less hydrophilic analyte ions would one expect that Donnan 

failure of more hydrophobic membranes, such as plasticized PVC membranes, occurs more 

readily as a result of the free energies of partitioning. Even for nitrate, the free energy of 

partition from water into 1,2-dichloroethane is with +46.4 kJ/mole still overcompensating 

the favorable free energy of partition of -34.7 kJ/mole of the tetrapentylammonium ion,178 

and only tetrahexylammonium nitrate prefers the 1,2-dichloroethane over the water phase. 
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4.3.3 Are there effects of size exclusion on Donnan failure characteristics? 

The above discussion of Donnan failure is based on the assumption that salts partition 

between an aqueous phase and the hydrophobic sensing phase, as defined by Equation (1), 

with partition coefficients dominated by the free energy of ion solvation in the two phases. 

This assumption ignores the possible sieve action that polymeric, crosslinked ion 

exchangers may exhibit.95 Indeed, studies performed with a view to ion separations showed 

that hydrophilic, high capacity, polymeric ion exchangers may exhibit an ion exchange 

capacity that is smaller for large than for small ions. This has been explained by a 

distribution of pore sizes within these ion exchangers, which makes some ion exchange 

sites inaccessible to large counter ions.180, 181 For example, the anion exchanger De-Acidite 

E was reported to have an ion exchange capacity of 1.22 meq/g for the comparatively small 

sulfate but only 0.36 meq/g for the much larger carmoisine (see Fig. 2).174 Consistent with 

the pore size explanation is that larger ions were found to exchange more slowly.174 

Moreover, increases in the degree of crosslinking in polymers prepared with as much as 16 

mole % cross linker lowered the ion exchange capacity for larger ions.95, 181 Reports in the 

ISE literature that suggest an effect of ion size exclusion on measured emf responses are 

few, though.182, 183 It was suggested that asymmetric cellulose acetate membranes hindered 

the access of salicylate ions into carbonate-selective membranes because of their large ion 

size, resulting in slow responses to salicylate and high selectivities.182 A similar 

explanation was also given for plasticized PVC membranes doped with an ionophore 

attached to a non-crosslinked poly(4-vinylpyridine-co-styrene) backbone.183 In 

consideration of these findings, we wondered whether ion size effects could affect the 
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Donnan failure characteristics of HHCIE membranes. In particular, we wondered whether 

the high resistance of HHCIE membranes to Donnan failure might be affected by size 

exclusion of large co-ions.  

Studying size exclusion effects of HHCIE membranes by use of a variety of large 

cations as co-ions did not seem promising, though, as it would not be clear whether the 

absence of Donnan failure was the result of size exclusion or of unfavorable phase transfer 

energies. Therefore, a more straightforward approach to assess the limits of size exclusion 

on ISEs with HHCIE membranes was the measurement of the emf responses to a large 

anion. 

To test the possibility of size exclusion, we measured the response curves of HHCIE 

and conventional PVC membranes to the dianion carmoisine (see Figure 4.6). In its largest 

dimension, this organic dianion has a size of approximately 2.0 nm,184 which makes it much 

bigger than the tetrabutylammonium (0.6 nm) and tetrahexylammonium (0.8 nm) 

cations.184, 185 Only the HHCIE membranes exhibited a Nernstian response (-27.3 ± 0.9 

mV/decade), showing that size exclusion does not affect the ISE response of the HHCIE 

membranes. This result indicates that the absence of Donnan failure in chloride 

measurements when the much smaller tetrabutylammonium cation was used as counter ion 

is not a size exclusion effect. Instead, the high resistance of the HHCIE membranes to 

Donnan failure is the result of the extremely high chloride activity in the hydrophilic ion-

exchanger, as concluded already above.  
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Figure 4.6: emf responses of HHCIE (●), PVC/IE (▲) and PVC/ionophore (◇) electrodes 

to the concentration of carmoisine. 

 

In contrast the, hydrophobic PVC/IE membranes showed sub-Nernstian responses 

with a slope of -7.3 ± 0.1 mV/decade in the high concentration region of carmoisine, 

indicative of Donnan failure as a result of the very favorable transfer of carmoisine from 

water into the hydrophobic, plasticized PVC matrix. The ISEs with the PVC/ionophore 
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membranes performed even worse, exhibiting unexpectedly an emf response to cations 

(+42.6 ± 1.2 mV/decade), which is probably caused by a specific interaction between 

carmoisine and the ionophore.  

 

4.4 Conclusions 

Less interference by lipophilic ions of the same charge sign as the target ion was 

previously reported to be an advantage of ion-selective electrodes with hydrophilic high-

capacity ion-exchanger membranes.94 With this work, we show that hydrophilic high-

capacity ion-exchanger membranes also exhibit a remarkably high resistance to Donnan 

failure, which is primarily a result of the high ion-exchanger capacity of these membranes. 

Only in potentiometric measurements of very hydrophobic ions do free energies of ion 

partitioning favor Donnan failure of hydrophobic ISE membranes more than in the case of 

hydrophilic ion-exchanger membranes. Doping of ISE membranes with ionophores 

improves the selectivity of sensing but favors Donnan failure, which is consistent with 

earlier findings. While the two complementary views of Donnan failure based either on the 

electrochemical potential or on salt partitioning are both correct in their own ways (as 

discussed in the introduction), it is apparent from this work that the partitioning model 

explains the effects of the measured ion and its co-ion on Donnan failure in a much more 

direct manner. 

No effects of pore size were observed in the Donnan failure characteristics of the 

hydrophilic high-capacity ion-exchanger membranes used in this work. In view of reports 

of the slow salicylate potentiometric responses observed with asymmetric cellulose acetate 
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membranes182 and membranes doped with an ionophore bound to a polymer,183 it appears 

possible that moderately to highly crosslinked polymer matrixes could be used in 

combination with short measurement times (such as in a high throughput scenario) to 

minimize Donnan failure effects. However, such measures seem much more likely to be 

needed for (hydrophilic or hydrophobic) ionophore-doped ISE membranes than for high-

capacity ion-exchanger membranes. 

 



 

 129 

4.5 Supporting Information 

In order to make conditions more favorable for Donnan failure, responses of all three 

electrode types to tetrabutylammonium chloride were measured up to high concentrations. 

Figure 4.4 in the main manuscript shows the resulting emf responses, along with responses 

to NaCl for comparison. Table 4.S1 lists the corresponding response slopes. 

Table 4.S1: Potentiometric response slopes of HHCIE and conventional PVC membranes 

to Cl-. 

 

 

 

 

 

 

 

Membranes Interfering ions Slope (mV/decade) Log aCl- 

HHCIE Na+ -60.1 ± 0.3 -2.8 〜 -1.1 

 tetrabutylammonium -59.1 ± 0.6 -3.7 〜 -2.0 

  -53.6 ± 0.6 -2.0 〜 -0.9 

PVC/IE  Na+ -58.1 ± 0.6 -2.8 〜 -1.1 

 tetrabutylammonium -55.8 ± 0.6 -3.7 〜 -2.0 

  -50.1 ± 2.0 -2.0 〜 -0.9 

PVC/ionophore Na+ -65.2 ± 2.2 -2.8 〜 -1.1 

 tetrabutylammonium -12.4 ± 3.9 -3.7 〜 -2.0 

  +44.7 ± 1.4 -2.0 〜 -0.9 
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Potentiometric sensors, such as polymeric membrane, ion-selective electrodes 

(ISEs), have been used in the past to monitor a variety of chemical processes. However, 

the use of these sensors has traditionally been limited to aqueous solutions and moderate 

temperatures. Here we present an ISE with a high-capacity ion-exchange sensing 

membrane for measurements of nitrate and nitrite in the organic solvent propylene glycol 

at 150 ºC. It is capable of continuously measuring under these conditions for over 180 

hours. We demonstrate the usefulness of this sensor by in situ monitoring of anion 

concentrations during the synthesis of copper and silver nanoparticles in propylene glycol 

using the polyol method. Ion chromatography and a colorimetric method were used to 

independently confirm anion concentrations measured in situ. In doing so, it was shown 

that in this reaction, the co-ion nitrate is reduced to nitrite.   

 

5.1 Introduction 

Silver nanoparticles have found use in a wide range of applications, such as in 

catalysis,186, 187 electronics,188, 189 electrochemical sensors,189 surface-enhanced Raman 

spectroscopy (SERS),190 optics,189, 191 printable conducting inks,192 antimicrobials,193 and 

bioimaging.194 Although less popular, copper nanoparticles are also the focus of growing 

interest, and uses are found in areas such as printable conducting inks, where the 

combination of similar conductivity but lower cost gives copper an advantage over silver 

nanoparticles.195 These nanoparticles are often synthesized using the polyol process, which 

permits the control of the nanoparticle size and shape.196-200 In these reactions, propylene 

glycol or ethylene glycol are used both as the solvent and the reagent to reduce the metal 
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ions.198 The more viscous the solvent, the smaller and narrower the size distribution of the 

particles.198 Importantly, these reactions are often performed at temperatures near 150 ºC 

because the reducing strength of these polyols increases with temperature, possibly as a 

result of the formation of aldehyde derivatives at high temperatures.199, 201 The higher the 

temperature, the faster the reaction rate and the smaller the average particle size.197 

However, much about the mechanism of this reaction is still unknown, including the extent 

to which anions affect the size and shape of the nanoparticles.  

Silver nitrate is commonly used in the synthesis of silver nanoparticles,199 while 

copper nitrate has only been used a few times to synthesize copper nanoparticles.197, 200 

Nitrate may be reduced by aldehydes, which form in glycols at high temperatures.202 In 

acidic environments, nitrate may also oxidize silver particles back into AgNO3, with NO(g) 

as a byproduct.202, 203 The effect of HNO3 on silver nanoparticles is referred to as oxidative 

etching and can have dramatic effects on the shape and size distribution of nanoparticles.204 

The addition of NO2 affects the shape of Pt/Pd nanoparticles, which has been hypothesized 

to result from interactions between NO2 and the nanoparticle surface.205  

For a better understanding of the parameters controlling nanoparticle synthesis, it 

is desirable to perform in situ monitoring of the chemical species that are formed or 

decomposed. In situ techniques that have been used for this purpose include UV-visible 

spectroscopy,206 redox potential measurements,207, 208 small-angle X-ray scattering 

(SAXS),209 and dispersive X-ray absorption spectroscopy (DXAS),210 but these techniques 

have only allowed for the observation of structural changes by nanoparticles during their 

synthesis. To expand the range of techniques available for in situ monitoring of the polyol 
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synthesis of nanoparticles, we explored the use of ion-selective electrodes (ISEs). The 

ability of ISEs to monitor ion activities in situ—without the inconvenience associated with 

sampling—is a major advantage, compared to methods of analysis that require the removal 

of aliquots from the reaction, such as colorimetric testing or ion chromatography. Sampling 

and sample workup can introduce artifacts, and ex situ techniques are often not able to 

distinguish between freely dissolved ions and ions that are either bound in the form of a 

complex or are adsorbed to the nanoparticle surface. In situ monitoring with potentiometric 

sensors has been demonstrated, e.g., in clinical chemistry,211 in environmental studies,212 

or to assess the toxicological effects of silver nanoparticles on bacteria.77 However, most 

of this work was performed in aqueous systems, with only few reports of measurements in 

water/alcohol mixtures (usually with less than 50% alcohol).45, 47, 49, 213 The use of many 

ISEs in organic media is limited by leaching of the ionophore, ionic sites, and plasticizer 

out of the polymeric sensing membranes into the analyzed liquid. Also, little work has been 

performed at high temperatures, where plasticized polymeric sensing membranes have a 

reduced mechanical strength. Most plasticized polymer electrodes can only be used for 

work up to 50 °C, although the use of some plasticized polymer electrodes at slightly higher 

temperatures was reported.43, 44 ISEs have previously been used to monitor the 

concentration of silver ions during the room temperature synthesis of silver nanoparticles 

in aqueous solutions by hydroquinone-induced precipitation of silver onto gold 

nanoparticle seeds. However, it appears unlikely that the sensors used for that work would 

be able to function in the harsh conditions of the polyol process since weakening of the 
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non-cross-linked polyacrylate membrane at high temperatures and leaching of membrane 

components into the hot organic solvent would be expected.214  

We are demonstrating here the use of hydrophilic, high-capacity ion-exchange 

membranes (more commonly used in electrodialysis, fuel cells, and batteries)93 as ISE 

sensing membranes that can function not only in aqueous samples but also in organic 

solvents and at high temperatures. Anion-exchange resins were first developed in the 1930s 

for ion-exchange separations,215 and they have been used in organic solutions with 

relatively high dielectric constants.95 ISEs with resin-based, ion-exchange membranes 

were used to measure ion concentrations in aqueous samples as early as the 1950s98, 99 and 

also found applications for measurements in liquid ammonia and ethanol.216 More recently, 

Bakker and co-workers showed that commercially available hydrophilic ion-exchange 

membranes can be used to prepare potentiometric ion sensors for the measurement of 

chloride in blood.94  

Most modern high-capacity ion-exchange membranes consist of a highly cross-

linked polymer to which ion exchange sites (often referred to as ionic sites) are covalently 

attached. Unlike many conventional ion-exchange ISE membranes, they do not contain a 

plasticizer.95 Therefore, we expected that hydrophilic high-capacity ion-exchange 

membranes would suffer less from exposure to organic solvents. Moreover, the high level 

of crosslinking that is common in commercial high-capacity ion-exchange membranes and 

the absence of a plasticizer was expected to provide the membranes with sufficient 

mechanical strength even at high temperatures. Ion-exchange membranes with a high ion-

exchange capacity are thought to contain nanometer-scale pores or channels with high 
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charge density,93, 96 the size of which varies with the degree of crosslinking.95 Ion transport 

through these membranes has been described as occurring through nanopores,97, 217 which 

are filled with the solvent with which the membrane is in contact. In this regard, ISEs with 

high-capacity ion-exchange membranes resemble the recently developed sensors based on 

porous gold films with nanopores that are made to be permselective by charged species 

that are immobilized on the gold surface.158, 162 Because the state of solvation of the 

exchangeable ions is very similar in these nanopores and within the sample solutions, high-

capacity ion-exchange membranes without ionophores exhibit a very narrow range of 

selectivity,94 quite in contrast to hydrophobic ion-exchange membranes with a low ion-

exchange capacity and low dielectric constant.68 

 

5.2 Results and Discussion 

5.2.1 Effect of High Temperature Exposure on Subsequent ISE Performance at 

Room Temperature 

Three types of hydrophilic, high-capacity ion-exchange membranes were used in 

this work, i.e., Fumasep FAB,169 SELEMION AHO,218 and AMI-7001S anion-exchange 

membranes.219 While these three types of ion-exchange membranes differ somewhat in the 

way they are manufactured, they all have a thickness between 0.1 and 0.5 mm, show good 

permselectivity, and have a low electrical resistance (<40 Ω cm-2). They were selected from 

among many commercially available anion-exchanger membranes because their 

manufacturers reported that they were suitable for use at higher temperatures. While only 

the manufacturers of the SELEMION AHO and AMI-7001S membranes specifically 
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identified the ion-exchanging groups as quaternary ammonium, the same is likely true for 

the Fumasep FAB membranes. 

All anion-exchange membranes were first immersed into a 0.5 M sodium nitrate 

solution in propylene glycol for one day, followed by immersion into a 0.1 mM sodium 

nitrate solution in propylene glycol for at least three more days. This equilibration process, 

typically referred to as conditioning, replaces the anions originally present in the ion-

exchange membrane with nitrate and permits some swelling of the ion exchanger with the 

solvent. Subsequent storage for up to three weeks in propylene glycol showed no 

degradation of the membranes’ performance.  

Electrodes with conditioned sensing membranes were then used to determine the 

nitrate response in propylene glycol at ambient temperatures before and after exposure to 

150 ºC. Before any high-temperature exposure, the electrodes with all three types of 

membranes gave similar results, showing a decrease of the measured potential, emf, of 

approximately 50 mV per tenfold increase in the activity of nitrate. Next, the electrodes 

were placed in 0.1 mM sodium nitrate in propylene glycol, which was then heated to 150 

ºC for five hours. Note that the boiling point of propylene glycol is 188 ºC, which is not 

only above the boiling point of water, but it is also well above the reaction temperature for 

the nanoparticle synthesis used in this work. After the electrodes were allowed to cool to 

ambient temperature, the nitrate response was measured again. Only the AHO membranes 

(made of polystyrene with quaternary ammonium ionic sites and cross-linked with 

divinylbenzene) exhibited consistent nitrate responses after the exposure to 150 ºC. In 
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contrast, the electrodes with the FAB and AMI membranes were prone to failure after 

heating, often failing to give any response to nitrate.  

In an attempt to better understand the different behavior of the three types of ion-

exchange membranes, they were characterized with differential scanning calorimetry 

(DSC; for DSC traces, see Supporting Information). Surprisingly, the AHO membranes 

exhibited, with a phase transition around 121 ºC, the largest response to temperature at 

≤150 ºC. The shift of this transition from 125.6–130.5 ºC during the first segment to 114.9–

127.5 ºC in subsequent heating segments, is likely due to annealing of the polymer.21 

Importantly, there was an almost perfect overlap of the DSCs of the second and third 

heating cycle, which shows that although the AHO membranes undergo a transition in 

every heating cycle, repeated heating does not degrade these membranes. 

Since only the AHO membranes performed well in potentiometric measurements 

after exposure to 150 ºC, they were the only membranes further investigated. Therefore, 

let us briefly revisit the potentiometric response slope observed with the AHO membranes. 

Note that the Debye–Hückel limiting law was used to determine the activity of nitrate:220 

ln(𝛾𝑖) = −
𝑧𝑖

2𝑞3𝑁
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1
2
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2

√
𝐼

2
                                             (5.1) 

where zi is the charge of the ion species i, q is the elementary charge, NA is Avogadro’s 

number, ɛr is the relative permittivity (dielectric constant) of the solvent (32 at 20 ºC for 

propylene glycol), ɛo is the permittivity of free space, kB is Boltzmann’s constant, and I is 

the ionic strength of the solution. Using this formalism, the average response slopes for the 

AHO membranes before and after heating were calculated to be –50.8 ± 0.2 and –50.3 ± 



 

 138 

0.3 mV/decade change in the activity of nitrate, respectively (Figure 5.1). These values are 

close to but somewhat lower than the theoretical response slope of –58.1 mV/decade for 

20 ºC, as predicted by the Nernst equation: 

                                              (5.2) 

where Eº is the calibration curve intercept, zi is the charge of the measured ion, and R, T, 

and F are the gas constant, temperature, and Faraday’s constant, respectively. This may be 

attributed to several factors. A more accurate assessment of the activity coefficients, for 

example, by using the extended Debye–Hückel equation, could possibly improve the slope. 

However, such calculations for solutions made from propylene glycol are not possible 

without considerable work outside of the scope of this project. Moreover, contributing to 

the slightly smaller than expected slope may be the liquid junction potential between the 

reference electrode and the sample solutions, which is expected to be small but may differ 

somewhat for the different points of the calibration curve.121 Corrections of the measured 

emf for changes in the liquid junction potential143, 221 were not attempted because ion 

mobilities in propylene glycol are also not known from the literature. Important for this 

work is the fact that the response slopes are reproducible, show an acceptable linear range, 

and are unaffected by heating for five hours in propylene glycol. This shows that the AHO 

membranes can successfully measure in propylene glycol and can survive being heated to 

150 ºC. It should be noted that, after a concentration change, it takes approximately two 

minutes for the measured emf to stabilize. Because these electrodes respond much faster at 

higher temperatures (see below), it appears likely that this comparatively long response 
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time is explained predominantly by the high viscosity of propylene glycol at ambient 

temperature.  

 

Figure 5.1: ISE with an AHO ion-exchange membrane: emf response to nitrate in 

propylene glycol at 22 ºC, before and after heating at 150 ºC for 5 h.  

5.2.2 High Temperature Measurements 

ISEs equipped with AHO sensing membranes were also used to directly measure 

the nitrate activity in propylene glycol at 150 ºC by stepwise addition of aliquots of NaNO3 

in propylene glycol (Figure 5.2). The average slope of the nitrate response at this 

temperature was -60 ± 1 mV/decade change in the concentration of nitrate. Activity 

coefficients for nitrate in propylene glycol were not calculated because that would require 

knowledge of the dielectric constant of propylene glycol at 150 ºC, which is not readily 

available. The limit of nitrate detection was determined to be 18 ± 6 μM, with a linear range 

from 0.1 mM to 10 mM. Within the linear response range, the emf response was very 

stable, with a drift of the measured emf of less than 0.1 mV/min. The response time in this 

range was with less than 10 s (see the Supporting Information) info much smaller than at 
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ambient temperature, which is likely due to the large decrease in the viscosity of propylene 

glycol at 150 ºC.198  

To determine whether the electrochemical cell consisting of a reference electrode, 

the propylene glycol solution, and an ISE with an AHO membrane could function for 

several hours at 150 ºC, the whole cell was heated to 150 ºC, and a calibration curve for 

the nitrate response was measured. At this point, the solution was replaced with a propylene 

glycol solution containing 0.1 mM sodium nitrate, and the electrochemical cell was heated 

to 150 ºC for 5 h, after which the nitrate calibration curve was once again measured at 150 

ºC (Figure 5.2). The comparison of the response curves before and after heating shows only 

a minor loss of the limit of detection (16 μM to 50 μM). Importantly, the linear range was 

unchanged, and the change in E° was only 1.8 mV ± 2.7 mV. This demonstrates that the 

sensor can function for the duration of a typical nanoparticle synthesis with minimal 

performance changes over the course of the experiment.    
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Figure 5.2: Nitrate response of an ISE with an AHO ion-exchange membrane at 150 ºC in 

propylene glycol: Initial response and response after 5 h at 150 ºC.  

 

5.2.3 Lifetime 

To determine the lifetime of the electrodes at high temperatures, the emf was 

monitored continuously for 180 h at 150 ºC in a stirred propylene glycol solution containing 

1.0 mM sodium nitrate solution (Figure 5.3). The electrode showed only a small overall 

drift (0.0019 mV/min), with a standard deviation of 7.5 mV from the average value over 

the course of the entire experiment. The nitrate response before and after 180 h at 150 ºC 

also showed little change, as shown in Figure 5.4. This illustrates that the AHO membranes 

have good thermal stability and can function at high temperatures for long periods of time.  



 

 142 

 

Figure 5.3: AHO membrane nitrate sensor response at 150 ºC for over 180 h.  

  

 

Figure 5.4: Response of AHO membrane nitrate sensor to nitrate in propylene glycol at 

150 ºC: Initial response curve and response curve after 180 h of heating. 

 

To test the effects of repeated heating and cooling, an electrochemical cell was set 

up using an ISE with an AHO ion-exchange membrane and a reference electrode in a 1.0 
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mM sodium nitrate solution in propylene glycol. The temperature was switched several 

times in 30 min intervals between room temperature (22 ºC) and 150 ºC. The sensors’ 

average response for three cycles is shown in Figure 5.5. The average value of the emf at 

150 ºC was highly reproducible, with a standard deviation of only 1.0 mV between heating 

cycles. There was a change in the emf at room temperature after the first heating cycle 

(approximately 10 mV), compared to the emf before heating. However, there was little to 

no change thereafter, with a standard deviation of 0.9 mV between measurements at room 

temperature after subsequent heat exposures, which is consistent with the results of the 

DSC. Moreover, the calibration curve for nitrate at 150 ºC after the cycling of the 

temperature showed little change compared to the response of the electrodes that had only 

been heated to 150 ºC once (Figure 5.6). 

 

Figure 5.5: Average emf response of ISEs with an AHO ion-exchange membrane after 

multiple heating/cooling cycles between 22 ºC and 150 ºC.  
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Figure 5.6: Calibration curve for nitrate ISEs with an AHO ion-exchange membrane at 

150 ºC before and after temperature cycling. 

 

5.2.4 Selectivities 

Before determining the selectivity of ISEs equipped with an AHO ion-exchange 

membrane, the response of these electrodes to the anions of interest was measured in 

propylene glycol at 150 ºC. Both the fixed primary ion method and the separate solution 

methods were used to determine selectivity coefficients,14 and they showed good 

agreement between one another (see Table 5.1; for response slopes values, see the 

Supporting Information), suggesting that these values are unbiased manifestations of the 

thermodynamic ion-exchange properties of the AHO ion-exchange membranes. The 

coefficients represent a much reduced selectivity, compared to classical solvent-polymeric 

ionophore-free ion-exchange membranes.222 As expected, they are similar in range to those 

determined in aqueous solutions for other types of hydrophilic high-capacity ion-exchange 

membranes94 and are comparable to analogous selectivity ranges for ion-exchange resins.95 



 

 145 

The rather narrow range of selectivity coefficients suggests that these ISEs are best used 

when the concentration of the anion of interest is much higher than the concentration of 

other anions in solution and would not be useful in a system with a high concentration of 

background electrolyte. While this may appear to be a drawback, it is worthwhile to 

remember that, unlike in the case of classical solvent polymeric ionophore-free ion-

exchange membranes, highly lipophilic ions at low to intermediate concentrations will not 

cause substantial interference.94 

 

Table 5.1: Selectivity coefficients of the ISE for chloride and acetate, as measured with 

the separate solution method (SSM) and the fixed primary ion methods (FPIM) with respect 

to nitrate. 

 SSM FPIM 

Cl- 0.29 ± 0.05 0.17 ± 0.16 

 NO2
- –0.03 ± 0.03 0.02 ±0.06 

OAc- –0.11 ± 0.07 –0.09 ± 0.24 

  

5.2.5 Measurements During Nanoparticle Synthesis 

Having confirmed the suitability of ISEs with AHO ion-exchange membranes for 

measurements at 150 ºC in propylene glycol, these electrodes were used for in situ 

measurements in the polyol synthesis of nanoparticles. First, an ISE was calibrated at 150 

ºC by additions of NaNO3 aliquots into a propylene glycol solution containing 1.11 g/L 

polyvinylpyrrolidone (PVP), which corresponds to 10 mM of the PVP monomer. The ISE 

pot

J,NO
-

3

LogK
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was then used to monitor the synthesis of copper nanoparticles, which was performed by 

using a modified literature procedure reported for the synthesis of Ag nanoparticles.198, 202 

The electrodes were placed in propylene glycol containing PVP, the solution was heated 

to 150 ºC, and then Cu(NO3)2 in propylene glycol was added at a rate of 1 mL/s. The 

potential of the electrochemical cell was monitored over the course of the whole reaction 

time, and aliquots were taken for ex situ analysis by ion chromatography and colorimetric 

analysis. During the course of the copper nanoparticle synthesis, the light-blue solution 

changed, initially, to a blue suspension, which later turned green and, finally, brown/red, 

consistent with earlier reports of copper nanoparticle synthesis.200 The synthesis of silver 

nanoparticles was performed similarly by the addition of 110 mM AgNO3 over 20 min and 

ending the reaction after 1 h. In this case, the initially colorless solution first turned yellow 

and then turned into a suspension, whose appearance was first yellow but changed later 

into yellowish gray, again, consistent with earlier observations.199  

As shown in Figure 5.7, the ISEs were able to measure the concentration of anions 

throughout the course of both the copper and silver nanoparticle syntheses. As discussed 

below, this led us to discover the formation of NO2
- in these reactions. Note that the 

calibration curve for NaNO3 described above could be used without modification to 

determine the concentration of NOX
- because the electrodes were found to respond nearly 

equally to NO3
- and NO2

- (𝐾𝑁𝑂3
−,𝑁𝑂2

−
𝑝𝑜𝑡 ≈ 1). Therefore, in the context of the nanoparticle 

syntheses, we will refer from hereon to potentiometric measurements of NOx
-.  
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Figure 5.7: Concentration of NOX
- as determined by potentiometry with ion-exchange 

membranes (blue line) and ion-exchange chromatography (red squares) during a typical 

(A) copper nanoparticle synthesis, and (B) silver nanoparticle synthesis (both at 150 ºC). 

Inserts: Photographs of reaction flask showing the colors of the suspensions as the reactions 

progressed. 

 

In both reactions, the highest detected NOX
- concentration was much lower than 

would be expected based on the amount of nitrate injected. While the concentration of 

NOX
- at the end of the metal nitrate addition should have reached 10 mM in both the copper 

and the silver nanoparticle synthesis, the highest detected values were 2.5 ± 0.44 mM for 
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the copper reaction and 6.3 ± 0.33 mM for the silver reaction. Evidently, in both cases 

nitrate decomposition began quickly. The measured NOX
- concentration increased 

gradually but slower than predicted from the addition rate. Also, soon after the injection 

was stopped, the NOX
- concentrations began to fall. For the copper reaction, the NOX

- 

concentration fell to 0.1 mM approximately 12 min after the injection was stopped and then 

continued to slowly decrease down to a minimum of 0.040 mM. Note that the blue-to-green 

change in color in the copper nanoparticle synthesis occurred between 30 and 40 min after 

the start of the reaction and the change from green to red occurred after 50 min. In the silver 

reaction, the drop in NOX
- concentration is much steeper, reaching 0.1 mM in less than 4 

min, followed by a further but slower decrease in NOX
- concentration down to a value 

nearly two orders of magnitude lower than the maximum concentration. In the silver 

reaction, a yellow color appeared almost immediately and turned to a yellowish gray after 

about 15 min, when the NOX
- concentration also leveled off. Between 10 and 25 min, gas 

bubbles could be seen vigorously forming in the reaction mixture.  

We found that it is important to make sure that the electrode membrane does not 

become covered with bubbles, as this can affect the potential of the electrodes and cause 

errors in determining the ion concentration. To avoid this problem, the lip on the cap of the 

electrode was reduced in size, and the electrode was inserted into the reaction solution at 

an angle of approximately 45º with respect to the horizontal level of the solution to prevent 

bubbles from being trapped on the surface of the electrode membrane (see Supporting 

Information). For both reactions, the low concentration of detected anions at the end of the 

reaction suggests that the majority of NOX
- ions were either bound to the surface of the 
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nanoparticles or were converted into decomposition products such as NO or NO2 gas. 

However, the distinctive color of NO2 gas was not observed in the gas leaving the reaction 

flask. 

A comparison of the results of the colorimetric analysis, the ion chromatography, 

and the results obtained by using the potentiometric sensor is shown in Figure 5.8 and 

Table S2. Surprisingly, the colorimetric analysis and the ion chromatography showed that 

nitrite was formed during the reaction. We have not been able to find in the literature any 

mention of nitrite formation during this type of nanoparticle synthesis. In a control 

experiment, propylene glycol solutions with PVP and sodium nitrate, but no transition 

metal nitrate, were heated to 150 ºC. Colorimetric analysis and ion chromatography showed 

no evidence for the reduction of nitrate to nitrite. This demonstrates that the presence of 

copper or silver is necessary for the nitrate reduction to occur. 

There are several possibilities on what is causing the reduction of nitrate. One possibility 

is that the NPs are being oxidized. Another possibility is that the NP surface catalyzes the 

reduction of nitrate by aldehydes that are formed in heated propylene glycol (reducing 

agents that also have been proposed to be relevant in the formation of nanoparticles).201 

Further study will be needed to clarify the mechanism of nitrate reduction.  

In the copper reaction, the NOX
- concentration determined by the potentiometric 

sensor varied substantially from that of the total concentration of nitrate and nitrite as 

determined by the colorimetric method and by ion chromatography. However, the trend of 

decreasing NOX
- concentration over time after the stop of the Cu(NO3)2 injection is 

apparent in the data from all three methods of analysis. The differences between the data 
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from the in situ and the ex situ methods is likely explained by NOX
- binding to the copper 

surface of the nanoparticles. Indeed, nitrate binding to Cu(100) has been reported in the 

literature, and density functional theory calculations suggest that this anion binds strongly 

(–249 kJ/mol) in a bidentate fashion (through two oxygen atoms) to the copper surface.223 

This is consistent with near quantitative binding, allowing for a high surface coverage. 

Indeed, binding of NO3
- to Cu nanoparticles in systems containing 1-butyl-3-

methylimidazolium nitrate has been shown using X-ray photoelectron spectroscopy.224 

While the potentiometric method measures only the NOX
- anions that are freely dissolved 

but not those adsorbed to nanoparticles, the two ex situ techniques are based on a workup 

that displaced NOX
- from the nanoparticle surface and measured the total NOX

- in the 

reaction suspension. The ion chromatography, colorimetric, and potentiometric data for the 

silver reaction match much better, suggesting little binding of NOX
- onto silver 

nanoparticles. Note that the ex situ methods also suffered from the error introduced by the 

time it takes one to remove and quench the sampled aliquot. In particular, the standard 

deviation for the NOX
- concentration as determined with ex situ techniques is very large 

for sampling during the time range in which the NOX
- concentration drops sharply in the 

silver reaction, which is right after injection has ceased (20 min). This showcases the 

advantages of in situ measurements to monitor polyol synthesis reactions. 
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Figure 5.8: Comparison of average NOX
- concentrations during three (A) copper and (B) 

silver nanoparticle syntheses, as determined by the electrochemical nitrate sensor, ion 

chromatography, and colorimetric analysis. Concentration values are cumulative.  

 

 UV-visible spectra were taken of the samples from both the copper and silver 

nanoparticle reactions, as shown in Figure 5.9. For the silver nanoparticle reaction, the 

maximum absorbance for each sample was at 422 nm. There is increased absorbance at 

wavelengths higher than 422 nm in samples from the second half of the reaction, which 

suggests that larger particles are forming and that the particle size is becoming more 

disperse. Transmission electron microscopy (TEM) of nanoparticles taken from the end of 

the reaction confirmed the average size of the particles to be 35 ± 14 nm (see Supporting 

Information for images). Small amounts of bars similar in width to that of the diameter 

nanoparticles were also observed. The obtained absorbance values  match well for particles 

of this size, as seen in the literature.225 Energy-dispersive X-ray spectroscopy (EDS) 

spectra confirmed the identity of the particles as silver.  
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For the copper nanoparticle reaction, the UV spectra suggest small particles <10 

nm in diameter at early times (absorbance at approximately 400 nm).224 Their small size 

provides a large surface area for binding of nitrate, which explains in part the differences 

seen in between the nitrate concentrations determined with ISEs and with ion 

chromatography. After 50 min, there is an increase in the concentration of larger particles, 

as evidenced by the appearance of absorbance at 596 nm.200 TEM of nanoparticles taken 

from the end of the reaction confirmed the average size of the particles to be 360 ± 12 nm 

(see Supporting Information for images), small amounts of bars similar in width to that of 

the nanoparticles Were also observed. EDS spectra confirmed the identity of the particles 

as copper.     

Reactions performed with and without immersion of the sensor and reference 

electrode into the reaction mixture showed very similar absorption spectra, with no 

significant changes in the absorbance maxima. This is not surprising as these electrodes do 

not contain metal surfaces, nor do they have sharp edges that would affect the nucleation 

of nanoparticles or permit leaching of any ions into the samples that are not already in the 

reaction solutions.  
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Figure 5.9: 

 Absorbance spectra of samples from the syntheses of copper (right) and silver 

nanoparticles (left). 

 

5.3 Conclusion 

The new potentiometric sensors with a hydrophilic high-capacity ion-exchange 

membrane can be used to measure in situ under the harsh conditions of propylene glycol 

at 150 ºC. Unlike many spectroscopic probes, the ISE can be applied in completely turbid 

solutions and, with proper design, it is also immune to error from the abundant bubbles that 

form in the synthesis of nanoparticles. The sensor has a long lifetime, as it is able to 

measure at 150 ºC for over 180 h and survives several heating and cooling cycles, showing 

its suitability as a useful tool for in situ monitoring in nanoparticle synthesis. We used this 

sensor successfully to monitor the co-ion concentration in the synthesis of two types of 

nanoparticles. In both of them, a change in the nitrate concentration of almost two orders 

of magnitude was observed. Using colorimetric and ion chromatography measurements, 
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we discovered that the reduction of nitrate to nitrite is an important process, and that NOX
- 

species are bound to the copper nanoparticles. The changes in the concentration of nitrate 

during the nanoparticle synthesis raise the question whether the counter ions of the metal 

precursor may have an effect on how quickly nanoparticles grow. The potentiometric 

sensors introduced here have promise to help answer questions of this type. Sensing of this 

type is not limited to the detection of anions, as cation-exchange membranes similar to the 

anion-exchange membranes used in this work exist.95 Hydrophilic high-capacity ion 

exchange membranes are also suitable for ions of various sizes and shapes.226 This suggests 

that similar sensors could be used to monitor a variety of other ions under similar 

conditions. 

  

5.4 Methods 

5.4.1 Materials 

Three types of ion-exchange membranes were used in this study: Fumasep FAB 

anion exchange membranes (a PEEK reinforced membrane, 0.13 mm thick, sold loaded 

with bromide as counter ion, with a capacity of >1.3 meq/g, 2, 

and reported by the manufacturer to be functional at 80 ºC, although under substantial 

swelling with water; Fumatech, Bietigheim-Bissingen, Germany),169 SELEMION AHO 

anion exchange membranes (a polystyrene with quaternary ammonium ionic sites and 

cross-linked with divinylbenzene, 0.30 mm thick, loaded with bromide, with an electrical 

2, and labeled by the manufacturer as suitable for use in hot water 

and in the presence of oxidants; AGC Engineering, Nakase, Japan),218 and AMI-7001S 
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anion exchange membranes (a gel polystyrene with quaternary ammonium ionic sites and 

cross-linked with divinylbenzene, 0.45 mm thick, loaded with chloride, with an ion 

exchange capacity of  cm2, and the thermal 

stability was reported by the manufacturer to be 90 ºC; Membrane International, Ringwood, 

NJ, USA).219 All ion exchangers were characterized by using differential scanning 

calorimetry on a TA Instruments Q1000 (New Castle, DE, USA). The temperature was 

cycled from –20 ºC to 200 ºC, several times, with a scan rate of 10 ºC/min. The AHO 

membrane was received in a solution and was rinsed with deionized water, blotted dry, and 

allowed to dry for 24 h under ambient conditions before DSC measurements. Experiments 

after drying these ion-exchange membranes under vacuum yielded nearly identical results. 

Propylene glycol (99%) was purchased from Sigma Aldrich (St. Louis, MO, USA), porous 

glass frits from Princeton Applied Research (Oak Ridge, TN, USA), and 

polyvinylpyrrolidone (sold as Kollidon 30, Mw = 44,000–54,000) from BASF 

(Ludwigshafen, Rheinland-Pfaltz, Germany). 

5.4.2 Assembly of the Ion-Selective Electrodes 

Ion-exchange membranes where cut into 15 mm diameter disks, conditioned in 

propylene glycol containing different concentrations of NaNO3 (see above), and then 

mounted into custom-machined electrode bodies made from polyether ether ketone 

(PEEK) using a silicone O-ring and a screw-on PEEK cap, as previously described in the 

literature.55, 73 See the Supporting Information for further details. All electrode components 

exposed to the sample solution were fabricated with rounded edges to reduce nanoparticle 

growth on the surface of the electrode. The electrode contained two inner liquid 
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compartments: (i) the outer filling solution (0.1 mM sodium nitrate solution in propylene 

glycol), which was in direct contact with the sensing membrane, and (ii) a 0.1 mM sodium 

chloride solution in propylene glycol (referred to as the inner filling solution), into which 

a AgCl-coated Ag wire was inserted as the reference half-cell. A compartment to contain 

the inner filling solution and allow for a liquid junction between the two filling solutions 

was prepared by securing a plastic micropipette tip packed at the narrow end with cotton 

and sealed at the top with a septum. The thus prepared inner reference electrode was 

mounted from the top into the PEEK body, using Tygon tubing and Parafilm. 

5.4.3 Assembly of the Reference Electrode 

A custom-made double-junction reference electrode was equipped with a porous 

glass frit (Princeton Applied Research, Oak Ridge, TN, USA) to separate the sample from 

the outer filling solution (propylene glycol saturated with KNO3). A second porous glass 

frit separated the outer filling solution from the inner filling solution (propylene glycol 

saturated with KCl and AgCl). A AgCl-coated Ag wire was inserted into the latter as an 

internal reference element (see Supporting Information).  

5.4.4 Potentiometric Measurements 

All calibration curves and nanoparticle syntheses were performed in solutions 

contained in a round-bottom flask with three necks, which were all stoppered with a rubber 

septum. The reference electrode and the ISE were inserted into the propylene glycol 

solution through two septa. The third septum was used to insert a temperature probe in 

order to add reagents with a syringe, and in the case of nanoparticle syntheses, to flush with 

nitrogen. For measurements at 150 ºC, the reaction solution was heated with an oil bath on 
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a hot plate connected to the temperature probe. Sensor calibrations were performed by the 

addition of aliquots of a propylene glycol solution of the sodium salt of the anion of interest. 

Selectivity coefficients were determined using the fixed primary ion method14 and the 

separate solutions method, both at 150 ºC. EMF Suite 1.03 software (Fluorous Innovations, 

Arden Hills, MN) was used with an EMF 16 potentiometer (Lawson Labs, Malvern, PA). 

5.4.5 Copper and Silver Nanoparticle Synthesis 

An ISE was placed into 200 mL of propylene glycol containing 0.122 g of PVP, 

and the solution was heated to 150 ºC. Then, 20 mL of 55 mM Cu(NO3)2 or 110 mM of 

AgNO3 in propylene glycol was added at a rate of 1 mL/s. The potential of the 

electrochemical cell was monitored over the course of the whole reaction time, which was 

60 min. Over this time, six aliquots were taken for ex situ analyses by ion chromatography 

and by colorimetric analysis.   

5.4.6 Ex Situ Colorimetric Analysis of Nitrate and Nitrite 

Samples for ex situ measurements of nitrate and nitrite concentrations in the silver 

nanoparticle synthesis solutions were collected periodically over the course of the 

reactions. All samples were diluted with water by a factor of five and frozen to quench any 

further reaction. For analysis, the samples were thawed and centrifuged. Colorimetric 

analysis at 520 nm was performed on the supernatant at the University of Minnesota 

Research analytical lab using a Lachet 8500 FIA spectrophotometer. The nitrite 

concentration was determined first, followed by reduction with cadmium to give the total 

nitrite and nitrate concentrations. The nitrate concentration was determined by 

difference.227  
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5.4.7 Ion Chromatography 

Ion chromatography was performed with a Dionex Ion Pac AS11 column and a 

Dionex Anion Self-Regulating Suppressor ASRS-I with a suppression voltage of 300 mV, 

with 3 mM NaOH in a 1:4 propylene glycol/water mixture as the eluent.  

5.4.8 UV-Vis Absorbance Spectroscopy 

UV-Vis spectroscopy was performed using a Hewlett Packard 8452A diode array 

spectrophotometer.   

5.4.9 Transmission Electron Microscopy (TEM) and energy-dispersive X-ray 

spectroscopy (EDS) 

TEM images and EDS spectra were obtained on a FEI Tecnai T12 microscope with 

a voltage of 120 kV and equipped with a LaB6 electron source. Images were recorded using 

a Gatan MSC794 CCD camera. Samples were prepared on a copper TEM grid. Particle 

size measurements were performed using ImageJ (version 1.8.0), an open source program 

written by Wayne Rasband at the U.S. National Institutes of Health.228 1 mL of sample was 

added to 5 mL isopropanol and then centrifuged twice at 9000 rpm for 30 min. The 

nanoparticles were then washed with 5 mL of isopropanol twice, re-suspended in 

isopropanol and dropped onto a TEM grid (holey carbon, 200 mesh, copper grid; SPI, Inc.), 

the solvent was then allowed to evaporate.   The average particle size was determined by 

measuring the diameter of particles from several images taken from different sections of 

the sample. 
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5.5 Supporting Information 

5.5.1 Assembly of the Reference Electrode 

A custom-made, double-junction reference electrode was prepared from a glass 

tube that had a 5 mm outer diameter, at the bottom, and widened, to 10 mm, top. A 5 mm 

diameter porous glass frit was attached to the bottom of this tube using Teflon heat-shrink 

tubing. The glass tube was then filled with outer filling solution (propylene glycol saturated 

with KNO3). A second 5 mm tube, with no taper and a porous glass frit attached to its lower 

end, was inserted into the outer filling solution and filled with the inner filling solution 

(propylene glycol saturated with KCl). A AgCl-coated Ag wire was inserted into the latter 

as an internal reference element.  
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Figure 5.S1: Photographs of the reference electrode.  

 

5.5.2 Design of the Ion-Selective Electrode 

The dimensions of the ISE were as follows: shaft diameter, 10 mm; cap diameter, 13 mm; 

cap opening, 8 mm.  
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Figure 5.S2: Photographs of the ISE as seen from the side and from the bottom on the 

left and right, respectively. 

 

Figure 5.S3: ISE schematic. 
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We found that gas bubbles that were trapped on the surface of the electrode can 

cause large changes in the measured potential, which can be explained by a very large 

increase in the resistance of the electrochemical cell when bubbles are present. To illustrate 

this effect, we bubbled nitrogen gas through an aqueous solution with varying 

concentrations of the electrolyte. When one or several bubbles large enough to block most 

of the surface of the sensing membrane became trapped under the electrode, the potential 

increased significantly. When this bubble subsequently was removed, the potential quickly 

returned to the pre-bubble value (Figure 5.S4). Note that the data shown in Figure 5.S7 

were taken with the screw cap of the electrode completely immersed into the sample 

solution. We note that the potential increase is even larger (>1 V) when the electrode cap 

is only partially submerged into the sample solution (i.e., when the area where the electrode 

screw cap and the main piece of the electrode body meet is not exposed to the sample). 

This suggests that there is stray impedance associated with minute volumes of sample 

solution trapped in between the screw cap and the main body of the ISE. This stray 

impedance does not interfere with the proper functioning of the electrode, but it affects the 

extent of the potential increase when bubbles completely block the sensing membrane of 

the ISE.  

Two steps were taken to stop this effect from biasing the results of in situ 

measurements in the nanoparticle synthesis reactions in which bubbles form. First, the lip 

on the bottom of the electrode cap was reduced in size and cut to taper slightly outward 

(Figure 5.S5). Second, the electrode was held in the reaction vessel at approximately 45° 

from horizontal. This setup was tested by bubbling nitrogen gas through the cell from 
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underneath the electrode. No buildup of bubbles on the electrode surface was observed, 

and the measured emf was unaffected. Using this setup, we no longer observed potential 

changes due to the buildup of bubbles during nanoparticle synthesis reactions.   

 

 

Figure 5.S4: Effect of bubbles on the AHO electrode potential in 5 mM NaNO3 (aq). 
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Figure 5.S5: Electrode screw cap modified to eliminate effect of gas bubbles on the 

measured potential. 

 

 

Figure 5.S6: AHO electrode response to changing nitrate condition in propylene glycol at 

150 °C, Left: response after several additions of NO3
- changing concentration from 0.046 

mM to 21.273 mM Right: response when changing [NO3
-] from 0.221mM to 0.471 mM at 

t = 0, response time of less than 10 s. 
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5.5.3 DSC Measurements 

All ion exchangers were characterized using differential scanning calorimetry using 

a TA Instruments Q1000 (New Castle, DE, USA). The temperature was cycled from –20 

ºC to 200 ºC, several times, with a scan rate of 10 ºC/min. The FAB and the AMI-7001S 

membranes were received dry, and no treatment prior to the DSC measurements was 

performed. The AHO membrane was received immersed in a solution and was rinsed with 

deionized water, blotted dry, and allowed to dry for 24 h before the DSC measurements 

were taken. See Figures 5.S6 through 5.S8 for plots of the temperature scans. The AHO 

membrane was subject to additional heating test in which it was heated to 150 ºC for 

multiple cycles with a heating rate of 1 ºC. The temperature was held at 150 ºC during each 

cycle for 5 m before continuing. The reproducibility between cycles is high excluding the 

first heating cycle. The differences between in the heat flow is likely due to the difference 

in the heating rate.  
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Figure 5.S7: Top: DSCs of AHO membranes with a scan rate of 1 ºC/min heated and held 

there for 5 min for each cycle.  DSCs of AHO membranes with a scan rate of 10 ºC/min to 

200 ºC. Odd numbers refer to the first and third segments of the DSC scan (from a low to 
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high temperature), and the even numbers refer to the second and fourth segments (from a 

high to low temperature). 

 

 

Figure 5.S8: The DSC of the AMI membrane with a scan rate of 10 ºC/min. Odd numbers 

refer to the first and third segments of the DSC scan (from –20 to 200 ºC), and the number 

2 refers to the second segment (from 200 to –20 ºC). 
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Figure 5.S9: DSC of a FAB membrane with a scan rate of 10 ºC/min. Odd numbers refer 

to the first and third segments of the DSC scan (from –20 to 200 ºC), and the number 2 

refers to the second segment (from 200 to –20 ºC). 
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5.5.4 TEM Images 

 

Figure 5.S10: TEM images of silver nanoparticles.  

 

 

Figure 5.S11: TEM images of copper nanoparticles. 
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5.5.5 Response Slopes, Colorimetric and Ion Chromatography Data 

Table 5.S1: Values of response slops for interfering ions used to determine selectivity 

coefficients with the separate solutions method. 

Ion Response slope 

Cl- -65.3 ± 0.7 

 NO2
- -60.1 ± 0.1 

OAc- –61.5± 1.5 
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Table 5.S2: Comparison of average nitrate concentrations during three copper and silver 

nanoparticle syntheses determined by the electrochemical nitrate sensor and colorimetric 

analysis. 

Copper Nanoparticle Synthesis 

 Colorimetric Ion Chromatography Potentiometric 

Time / 

(min) 

[NO3
-] / 

(mM) 

[NO2
-] / 

(mM) 

Total [NO3
-] 

and [NO2
-]/ 

(mM) 

[NO3
-] / 

(mM) 

[NO2
-] / 

(mM) 

Total [NO3
-

] and [NO2
-

]/ (mM) 

Total [NO3
-] 

and [NO2
-]/ 

(mM) 

8 1.4 ± 0.4 0.03 ± 0.01 1.4 ± 0.4 1.82 ± 0.5 <0.04 1.8 ± 0.5 1.1 ± 0.3 

20 3.1 ± 0.4 2.81 ± 0.6 6.0 ± 1.0 3.0 ± 0.6 3.0 ± 0.8 6 ± 1.4 2.5 ± 0.4 

30 0.4 ± 0.2 0.3 ± 0.2 0.7 ± 0.4 0.6 ± 0.4 0.1 ± 0.1 0.7 ± 0.5 0.7 ± 0.3 

40 0.26 ± 0.06 0.06 ± 0.03 0.32 ± 0.09 0.28 ± 0.01 <0.04 0.3 ± 0.1 0.08 ± 0.05 

50 0.13 ± 0.04 0.01 ± 0.01 0.14 ± 0.05 0.22 ± 0.06 <0.04 0.22 ± 0.06 0.08 ± 0.03 

60 0.12 ± 0.02 0.01 ± 0.01 0.14 ± 0.03 0.13 ± 0.02 <0.04 0.13 ± 0.02 0.06 ± 0.02 

 

Silver Nanoparticle Synthesis 

 Colorimetric Ion Chromatography Potentiometric 

Time / 

(min) 

[NO3
-] / 

(mM) 

[NO2
-] / 

(mM) 

Total [NO3
-] 

and [NO2
-]/ 

(mM) 

[NO3
-] / 

(mM) 

[NO2
-] / 

(mM) 

Total [NO3
-

] and [NO2
-

]/ (mM) 

Total [NO3
-] 

and [NO2
-]/ 

(mM) 

8 3.1 ± 0.7 0.20 ± 0.03 3.29 ± 0.7 3.2 ± 0.9 
0.11 ± 

0.04 
3.0 ± 1.0 3.2 ± 0.1 

20 2.0 ± 2.0 1.6 ± 0.9 4.0 ± 3.0 3.0 ± 2.0 1.0 ± 1.0 4.0 ± 3.0 5.9 ± 0.2 

30 0.07 ± 0.04 0.03 ± 0.01 0.10 ± 0.05 0.2 ± 0.5 0.20 ± 0.5 0.44 ± 0.10 0.03 ± 0.01 

40 0.07 ± 0.04 0.03 ± 0.01 0.10 ± 0.05 0.2 ± 0.1 <0.04 0.17 ± 0.10 0.03 ± 0.01 

50 0.06 ± 0.03 0.02 ± 0.01 0.08 ± 0.04 0.20 ± 0.08 <0.04 0.20 ± 0.08 0.06 ± 0.02 

60 0.02 ± 0.01 0.02 ± 0.01 0.04 ± 0.02 0.2 ± 0.4 <0.04 0.17 ± 0.04 0.8 ± 0.3 

 

 



 

 172 

6 CHAPTER SIX: 

 

 

Current Pulse Based Reference Electrodes with 

Hydrophilic High Capacity Ion-Exchange 

(HHCEI) Membranes 
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 This section details a proof of concept demonstration of a current pulse based 

reference electrode that utilize hydrophilic high capacity ion-exchange (HHCEI) 

membranes. Because HHCEI membranes have low electrical resistance, as well as a high 

resistance to interference from lipophilic ions and Donnan failure, they look to be 

promising membranes for these electrodes. Their low electrical resistance allows for higher 

magnitude current pulses to be used then is possible with previously developed current 

pulse reference electrodes with lipophilic membranes. This allows the reference electrode 

to produce a constant potential at higher sample solution concentrations. HHCEI 

membranes’ resistance to interference from lipophilic ions and Donnan failure should 

allow for application in biological sample matrixes.      

 

6.1 Introduction 

Potentiometric measurements, like most electroanalytical measurements, require a 

reference electrode that is separated from the sample solution by a salt bridge.1, 4, 222 

However, these salt bridges can have several disadvantages. As these salt bridges often 

contain a free flow liquid junction, they can clog with sample components such as lipids 

and proteins, can contaminate samples of small volumes with the bridging electrolyte and 

can suffer from depletion of the bridging solution.113, 114 Recently, reference electrodes that 

utilize an applied current pulse to lipophilic ion doped membranes have been developed.126  

The applied current pulse is used to control transmembrane ion fluxes, giving a potential 

that is independent of the sample solution. Current pulses have been used in the past to 

limit ion-fluxes to improve the limits of detection of ISEs.127-129, 229 With these reference 
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electrodes, however, the current pulses are used to promote ion fluxes, and in effect worsen 

the detection limit, giving a constant potential. It has been previously shown that the 

response of this type of electrode can be predicted by:126 

𝑒𝑚𝑓 ≈ 𝐸°′ +
2.303R𝑇

𝑧F
log (𝑐𝑠𝑎𝑚𝑝𝑙𝑒 +  

2𝑖𝑡1/2

F𝐴𝐷𝑠𝑎𝑚𝑝𝑙𝑒
1/2𝜋1/2

)                        (6.1) 

where E°’ is the standard potential including the activity coefficient of the sample solution, 

R is the gas constant, T is the temperature, F is Faradays constant, z is the charge of the ion 

released from the electrode, csample is the concentration of the ion in the sample solution, i 

is the amplitude of the current pulse, t is the length of the current pulse, A is the surface 

area of the membrane, and Dsample the diffusion coefficient of the ion released into the 

sample. When the concentration of released ions near the membrane surface, described by 

the term 

2𝑖𝑡1/2

F𝐴𝐷𝑠𝑎𝑚𝑝𝑙𝑒
1/2𝜋1/2

                                                          (6.2) 

is much larger than the concentration in the bulk sample, csample, the potential measured 

after the current pulse will be constant over that concentration range. Figure 6.1 shows a 

schematic of concentration gradients during pulse mode operation. These reference 

electrodes have been used in conjunction with polymeric ISE, releasing 

tetrabutylammonium ions, to measure Cl- concentrations up to 50 mM.126   
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Figure 6.1: Schematic of concentration gradients during pulse mode operation of HHCIE 

membrane electrode with KCl inner filling solution.  

 

 Previously, plasticized PVC has been used as the membrane in current pulse 

reference electrodes. However, due to their relatively high resistance, typically hundreds 

of kΩ, and instrumental limitations on voltage magnitudes, the magnitude of the current 

pulse is limited. This in turn limits the rage of concentrations at which the electrode can 

provide a constant potential. Hydrophilic high capacity ion-exchange (HHCEI) membranes 

have much lower resistances, often only a few Ohms. This should allow for the use of 
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higher magnitude current pulses and, therefore, use of the reference electrodes over a larger 

range of concentrations.  

Previous current pulse based electrodes based on lipophilic membranes released 

lipophilic ions, such as tetrabutylammonium. Because these membranes were lipophilic, 

they had a high selectivity toward lipophilic ions. This allowed for the lipophilic ion to 

determine the phase boundary potential even when there were other less lipophilic ions at 

high concentrations in the sample. However, this also means that the reference electrode is 

susceptible to interference from lipophilic ions in the sample and is susceptible to Donnan 

failure. HHCEI membranes have a very narrow selectivity range and therefore will not 

suffer from interference from lipophilic ions.94 Additionally, as shown in Chapter 4, 

HHCEI are also extremely resistant to Donnan failure caused by lipophilic ions. However, 

due to their lack of selectivity, the concentration of released ions will need to be very high 

compared to the concentration of ions in the sample. This means that a large magnitude 

current pulse is necessary, further underlining the importance of low resistance and of 

optimization of the pulse duration and electrode geometry. Described below is a proof of 

concept of using a HHCEI membrane as a current pulse reference electrode.  

 

6.2 Experimental 

6.2.1 Materials 

Fumasep FAB anion exchange membranes (a PEEK reinforced membrane, 0.13 

mm thick, sold loaded with bromide as counter ion, with a capacity of >1.3 meq/g, 

electrical resistance <1 Ω/cm2) were purchased from Fumatech, Bietigheim-Bissingen, 
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Germany. Platinum mesh (50 mm by 50 mm woven from 0.762 mm diameter wire) was 

purchased from Johnson Matthey Catalog Company, Ward Hill, MA.  Deionized water 

(0.18 MΩ m specific resistance) purified with a Milli-Q PLUS reagent grade water system 

(Millipore, Bedford, MA) was used in all cases. 

6.2.2 Electrode Assembly 

The current pulse reference electrode body was made from half of a cylindrical 

plastic syringe holder with a 2.5 cm diameter opening cut in the cap to expose the FAB 

membrane the to the sample solution. The membrane was mounted into the electrode body 

and the electrode body was sealed using hot melt glue. An Ag/AgCl wire was inserted into 

the inner filling solution to serve as the inner reference electrode and was held in place by 

a rubber septum glued to the top of the electrode body. A platinum mesh was inserted into 

the inner filling solution to serve as an internal counter electrode and was held in place 

with a copper clamp glued to the top of the electrode body. An inner filling solution of 

concentrated KCl was used. See Figure 6.2 for a diagram of the current pulse reference 

electrode. Electrodes were conditioned in solutions of KCl of the same concentration as 

the inner filling solution for 24 h before use. 
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Figure 6.2. Diagram of the current pulse reference electrode made from a plastic syringe 

holder, with a FAB Anion exchange membrane, a Ag/AgCl internal reference electrode 

and a platinum internal counter electrode. 

 

6.2.3 Electrochemical cell set up 

A four electrode system was used for the current pulse experiments, as shown in 

Figure 6.3. For all measurements, the external reference electrode was a double-junction 

Ag/AgCl electrode (DX200, Mettler Toledo, OH) with a 1 M LiOAc bridge electrolyte and 

a 3 M KCl reference electrolyte. Platinum mesh was used as the external counter electrode; 

additionally, a 1.5 by 2 inch piece of platinum foil was added in an effort to increase the 
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surface area of the counter electrode to reduce the resistance of the cell. The FAB electrode 

containing the internal reference and counter electrodes was inserted into the sample 

solution. 

EMF Suite 1.03 software (Fluorous Innovations, Arden Hills, MN) was used with 

an EMF 16 potentiometer (Lawson Labs, Malvern, PA) when determining the effects of 

the inner filling solution concentration.    
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Figure 6.3: Setup of electrochemical cell for testing a current pulse reference electrode 

against a conventional free flow reference electrode. 

 

6.2.4 Current Pulse Measurements 

Current pulse measurements were performed on a Solartron SI 1287 

electrochemical interface (Boston, MA). Current pulses were programmed with CorrWare 

software (Scribner Associates, Southern Pines, NC). Solutions were not stirred during the 

pulse or when taking the potentiometric measurements. A galvanostatic current pulse of 60 

s was applied to the counter electrodes. The potential between the two reference electrodes 
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was measured 2 sec after the end of the pulse in order to achieve a reproducible potential, 

as, due to limitations of the instrument, the delay between the end of the pulse and the start 

of the potential measurement ranged from 1.2 to 1.7 seconds.  The pH of the inner filling 

solution was also monitored after each current pulse by use of litmus paper. 

6.2.5 Impedance Spectroscopy 

 Impedance spectroscopy was performed on a Solartron SI 1287 electrochemical 

interface (Boston, MA) using CorrWare software (Scribner Associates, Southern Pines, 

NC).      

 

6.3 Results and Discussion 

Using a high concentration inner filling solution is ideal for creating a reference 

electrode with a constant potential over a wide range of sample compositions. To test this, 

several potentiometric measurements were performed using various inner filling solution 

concentrations (0.1 M, 1 M and a saturated solution, ~3.7 M KCl). As expected, the 

electrodes made with the concentrated inner filling solution had a higher limit of detection 

then the other electrodes (132 μM for the saturated solution, compared to 32 μM for the 1 

M solution or 25 μM for the 0.1 M solution, see Figure 6.4). As it is desirable for the 

reference electrode to have a constant potential over the largest concentration range as 

possible, this high detection limit is desirable. Therefore, the saturated inner filling solution 

was used for all of the pulse-based experiments. The high concentration of the inner filling 

solution also serves to lower the resistance of the cell. This low resistance is necessary 
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because at low sample concentrations the high resistance of the sample solution requires a 

higher voltage to produce the desired current, as evident from Ohm’s law.  

 

Figure 6.4: Potentiometric response slopes of FAB membrane electrodes with varying KCl 

inner filling solution concentrations (0.1 M, 1.0 M and saturated (~3.7 M) to varying KClaq 

concentrations. 

 

 Initial experiments with the current pulse electrode used a much smaller opening 

for the FAB membrane and coiled platinum wires. However, the voltage required to 

achieve the desired currents at low concentrations of sample solution was of greater 

magnitude than the maximum output of the instrumentation (-15 V). This, however, was 

not due to the resistance of the FAB membrane, which is low (<1 Ω/cm2), but rather the 

large resistance due to the small surface area exposed to the sample. The resistance of the 

cell is determined by the following: 

𝑅 =  
𝑙

𝐴
𝜌                                                         (6.3) 
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where l is the distance between the electrodes, A is the area of the electrodes, and ρ 

is the specific electrical resistance of the solution. The resistance is large because of the 

small surface area of the platinum wire and the FAB membrane. By using a larger electrode 

body to increase the area of the FAB membrane, by replacing the platinum wire with 

platinum mesh, and shortening the distance between the electrodes, this resistance was 

reduced. Impendence measurements were performed at each concentration used in the 

current pulse experiments, both before and after the current pulses. The values obtained 

before and after the current pulse were within a standard deviation for each concentration. 

The resistance of the cell ranged from 3.3 kΩ when the sample solutions concentration was 

at 0.02 μM KCl to 2.1 Ω when the sample solutions concentration was 0.8 M KCl; see 

Figure 6.5.  

 

Figure 6.5: Nyquist plot of impedance spectra of the current pulse reference electrode cell 

with sample solution concentrations from 0.02 μM to 0.8 M. 
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This allows for a current pulse of a larger magnitude to be utilized in samples with low 

ionic strength. For example, in a 0.2 μM KCl solution, a 5 mA current can be produced 

using only 8.9 V, whereas with the previous setup a similar voltage could produce a 5mA 

current only in a 0.1 mM KCl solution. By using larger magnitude current pulses, the range 

at which the electrode can maintain a constant potential immediately following the pulse 

is increased; see Figure 6.6.  At low currents (<800 μA) the limit of detection of the 

reference electrode is not significantly affected due to the already relatively high limit of 

detection of the electrode. By using -5 mA current pulses, the electrode can maintain a 

relatively constant potential across various in sample concentrations up to ~ 1 mM KCl. 

This represents an improvement of more than an order of magnitude compared to that of 

the previously developed current pulse reference electrode with a plasticized PVC.126  

However, there is a high standard deviation in the potential over the course of several trials, 

as shown by the error bars in Figure 6.6. The average response after the -5 mA current 

pulse can be fit well with Equation 6.1, see Figure 6.6. The pH of the inner filling solution 

of the FAB electrode monitored over the course of the experiment showed a change from 

pH 7 to 9 when the concentration of KCl in the sample solution was raised from 0.1 mM 

to 1 mM.  
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Figure 6.6: Average response of FAB membrane current pulse reference electrode over 

several trials before current pulse (0 mA) and after -5 mA current pulse (-5 mA), along w 

with a fit using Equation 6.1. 

 

 There are several ways that this system could be improved. The first is to design a 

setup which allows for the counter electrode in the sample to remain at a fixed distance 

from the FAB membrane and have a constant surface area exposed to the sample solution. 

This would likely help with the reproducibility of the experiments and allow for a more 

consistent potential. Another strategy would be to further increase the surface area of the 

electrodes in contact with the sample solution by increasing the size of the platinum mesh. 

This would allow for larger currents to be used without exceeding the voltage limitations 

of the instrumentation, thereby allowing for a constant potential at higher sample 

concentrations while maintaining the ability to use the electrode in systems with a low ionic 

strength. Alternatively, one may be able to simply increase the magnitude of the current 

without changing the counter electrode. This would allow for an increase in the upper range 
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of the constant potential, but sacrificing the ability to use the electrode in samples of low 

ionic strength, due to the high resistance of these solutions. However, based on Equation 

6.1, using this electrode geometry, the current pulse would have to be raised to 

approximately -50 mA to obtain a constant potential up to 10 mM or over -150 mA to 

obtain a constant potential up to 100 mM (the concentration of chloride in blood);230 see 

figure 6.7 top left. Decreasing the surface area of the electrode would allow for lower 

magnitude currents to be used to achieve higher concentrations, see Figure 6.7 top right. 

However, this would increase the resistance of the cell, as per Equation 6.3, requiring larger 

potentials to produce the desired current. Also, increasing the current pulse time should 

also reduce the magnitude of current needed, as shown by Figure 6.7 bottom left, although 

this will at some point be limited by diffusion away from the electrodes surface; due to the 

square root dependence on the pulse length, this effect is rather small. Therefore the most 

effective method of increasing the constant potential range would likely be to decrease the 

surface area of the FAB membrane and increase the magnitude of the current pulse; see 

Figure 6.7 bottom right, allowing for moderate changes to both variables to achieve 

constant potentials at high concentrations. 
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Figure 6.7: Theoretical response plots of current pulse reference electrode using Equation 

6.1, with 60 s current pulse duration, 5 cm2 electrode area and varying current pulse 

magnitude (top left); 60 s current pulse duration, varying electrode area, and -5 mA current 

pulse (top right); varying current pulse duration, 5 cm2 electrode area and -5 mA current 

pulse (bottom left); and 60 s current pulse duration with varying electrode area and varying 

current pulse magnitude (bottom right).        

        

     



 

 188 

6.4 Conclusion 

 The HHCEI membrane, FAB, has been shown to be a suitable membrane for use 

in a current pulse based reference electrode. Due to its low resistance, the membrane can 

be used with larger current pulses. This increases the upper limit of the background 

concentration of ions released into the sample at which a constant potential can be 

generated by one order of magnitude as compared to previous lipophilic current pulse based 

reference electrodes. This system is still limited by the resistance of the sample solution at 

low ionic strength. HHCEI membranes have other advantages over the lipophilic current 

pulse reference electrodes, such as their resistance to Donnan failure and their reduced 

inference from lipophilic ions. Further optimization of the electrode’s features such as the 

magnitude and duration of the current pulse and the geometries of the electrode may be 

able to further extend the concentration range where the reference electrode is usable. 

Modifying the HHCEI membrane to make it selective for the released ion, perhaps by 

covalently attaching an ionophore, would allow for the HHCEI reference electrode to be 

used in systems with higher concentrations of ions other than the released ion, possibly 

with the use of a lower current.        
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7 CHAPTER SEVEN: 

 

 

Conclusions 
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7.1 Results 

The work in this thesis primarily focused on developing ion-selective electrodes 

that could function in harsh sample matrixes. A major part of this work focused on 

developing materials for use in ISEs to be used in the harsh sample matrixes as well as the 

testing and application of sensors made with these and other materials. Two general classes 

of membrane materials were the focus for much of this work, i. e., semifluorinated polymer 

membranes and hydrophilic high capacity ion-exchange (HHCEI) membranes. Fluorous 

ISE membranes have previously been shown to have high resistance to biofouling and 

increased selectivity compared to ISEs with more traditional lipophilic membranes, such 

as plasticized PVC, due to the low polarity and polarizability of fluorous compounds. 

However, much of this previous work was based on fluorous liquid membranes, which 

limited the lifetime and durability of the membranes, making ISE membranes based off of 

fluorous polymers desirable. Ion-exchanger electrodes made from HHCEI membranes 

have previously been shown to resist interference from lipophilic ions.   

     After an overview of ISEs and their current limitations in Chapter 1, Chapter 2 

discussed attempts to modify lipophilic polymers into fluorophilic polymers by the 

addition of fluorinated side chains. While reactions that added lipophilic side chains were 

able to achieve high percent conversions, reactions to add the fluorinated side chains were 

less successful, with low percent conversions. Despite modifications to solvent 

composition, starting materials, reaction times, and the reaction temperature, the highest 

percent conversion rate achieved was 40%. These polymers would not be sufficiently 



 

 191 

fluorophilic to produce ISEs with the desired resistance to biofouling or high selectivity 

exhibited by previously developed fluorous ISE membranes. 

 In Chapter 3 the synthesis and characterization of several semifluorinated polymers 

and their subsequent use in ion-exchange electrodes and ISEs was described. Ion-

exchanger electrodes made from the most successful of these polymers, a polymerized 

styrene with a branched fluorous oligoether, had a broad selectivity range (~14 orders of 

magnitude) similar to that of ISEs previously made with fluorous liquids (~16 orders of 

magnitude). Cross-linked versions of this polymer were also made, which allowed for the 

creation of durable self-supported ISEs with similar selectivites. Although Ag+ ISEs made 

with these polymers and fluorophilic ionophores were not as selective as the analogous 

fluorous liquid membrane ISEs, they are still suitable for many applications. Additionally, 

these electrodes can utilize commercially available lipophilic ionophores, such as 

valinomycin, allowing them to be used for a wider range of analytes. Potassium ISEs made 

from the cross-linked semifluorinated polymer with valinomycin showed comparable 

selectivity coefficients to that of electrodes made from plasticized PVC.                 

 Chapter 4 focused on the study of HHCIE membranes resistance to Donnan failure. 

The response of HHCIE to chloride ions in the presence of the highly lipophilic 

teterabutylammonium ion was compared to that of lipophilic ion-exchanger electrodes and 

ISEs with ionophore-doped sensing membranes. The HHCIE membranes showed a higher 

resistance to Donnan failure than the lipophilic membranes; in fact, at the concentrations 

tested no Donnan failure was observed for the HHCIE membranes. This resistance was 
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shown to be due not to size exclusion of the large lipophilic ions but rather due to the very 

high ionic site concentration in the HHCIE membranes. 

    Chapter 5 focused on using HHCIE membranes for potentiometriclly measuring 

concentrations of NOX
- species during the synthesis of copper and silver nanoparticles by 

the polyol process. Because these membranes are highly cross-linked, have covalently 

attached ionic sites, and are plasticizer-free, they were able to measure in the organic 

solvent and high temperatures necessary for these reactions, allowing for in situ 

measurements. The values obtained by the HHCIE ISEs were verified by colorimetric tests 

as well as by ion chromatography. These methods showed that some of the nitrate present 

in the reaction was reduced to nitrite, before leaving the system as NOX gas. 

 A proof of concept for a current pulse reference electrode with a HHCIE membrane 

was presented in Chapter 6. The low resistance of the HHCIE membrane allowed for higher 

magnitude current pulses to be utilized than with previously developed current pulse 

reference electrodes based on plasticized PVC. The current pulse reference electrode 

HHCIE should allow for decreased interference from lipophilic ions as well as reduced 

Donnan failure. However, due to the low selectivity of these membranes, large currents are 

necessary to overcome the response due to changes in the sample concentration. 

 

7.2 Future Work  

 While the work presented in this thesis presents several steps toward expanding the 

use of ISEs to harsh sample matrixes, there are several extensions of this work that would 

be highly beneficial. The semifluorinated polymer ISE’s resistance to biofouling needs to 
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be thoroughly evaluated. Due to the fluorophilic nature of these polymers, they are 

expected to be resistant to this detrimental effect. The effect of both short-term and long-

term exposure to biological media such as blood or urine on electrodes made with these 

polymers should be evaluated. To further combat the effects of biofouling and increase the 

lifetime, covalent attachment of ionic sites and ionophores to the polymer should be 

investigated. The membrane components could possibly be covalently attached to the 

polymer backbone during the polymerization of the polymers by adding ionic sites or 

ionophores with suitable reactive functional groups to the reaction mixture. Additional 

lipophilic ionophores can also be tested in these membranes, further expanding the range 

of ions that can be measured with sensors made from these polymers.  

 The HHCIE membrane ISE developed for measuring in nanoparticle synthesis 

could be used to further investigate the role that NOX
- species play in nanoparticle 

synthesis. The sensor could be used to study a wide array of different nanoparticle 

reactions, with differences in reaction conditions or metal species. It could also be used to 

monitor anion concentrations when co-ions other than nitrate, such as acetate, are used in 

nanoparticle synthesis. The current pulse reference electrode with HHCIE membrane needs 

to be further optimized so that it can provide constant potentials in samples of higher ion 

concentrations.         
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