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ABSTRACT 

The receptor-based membrane sensors in use today are characterized by wide 

ranges of linear response, high selectivities, and low detection limits. However, when 

these sensors are used directly in environmental or biological samples, they exhibit drift 

and loss of selectivity over time, which both limits their ability to measure ions and their 

life expectancy. Previous work has shown that this sort of sensor biofouling is primarily 

caused by the extraction of hydrophobic, nonionic lipids into the sensing membrane, 

which is usually made of lipophilic materials. 

In this research, a new class of ion-selective electrodes incorporating 

perfluorinated sensor matrixes was developed with a view to eliminate sensor biofouling. 

Perfluorinated phases are the most nonpolar compounds known. In fact, they have such 

low polarity that just as water and oil separate when mixed together due to the high 

polarity of water, octane and perfluorooctane do not mix precisely because octane is too 

polar. These highly nonpolar materials form a third class of solubility preference in 

addition to those of "aqueous" and "organic", termed “fluorous”. 

Along with the improved biofouling characteristics expected of ISEs containing 

fluorous matrixes, they also exhibit enhanced selectivity and wider measuring ranges. 

Sodium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate and the new salt tris{3,5-

bis[(perfluorooctyl)propyl]phenyl}methylphosphonium methyl sulfate were used as 

fluorophilic anionic and cationic sites in fluorous receptor-free ISE membranes. The 

fluorous sensors, usually consisting of the fluorous solvent perfluoro(perhydrophenan-

threne) as the membrane matrix, demonstrated exceptional selectivities; the fluorous 

cation-exchanger demonstrated a selectivity range that was 8 orders of magnitude greater 

than an analogous non-fluorous sensor. Fluorous receptor-doped membranes were 

constructed using fluorophilic trialkylamines as H+ receptors. The selectivities of a 

fluorous sensor containing the receptor tris[(perfluorooctyl)pentyl]amine were among the 

highest ever reported for a pH ISE while the measuring range was 2.5 orders of 

magnitude wider than for an analogous non-fluorous electrode.  

Using the fluorous ISE system developed in this work, binding constants were 

directly measured in fluorous solvents for the first time. The pKa of tris[(perfluoro-
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octyl)pentyl]amine in perfluoro(perhydrophenanthrene) was measured to be 15.4 ± 0.4, 

which is 2-3 units higher than would be expected for the same amine in a typical organic 

solvent of low polarity. In addition, the weak binding character of representative fluorous 

solvents (neat) containing heteroatoms was measured. The pKa of 

perfluorotripentylamine was measured to be < –0.5, while the 1:1 formal association 

constants for 2H-perfluoro-5,8,11-trimethyl-3,6,9,12-tetraoxapentadecane binding to Na+ 

and Li+ were measured to be 2.3 and 1.5 M–1, respectively. 

In addition to demonstrating potentiometry in a fluorous solvent, a new 

fluorophilic electrolyte salt, tetrabutylammonium tetrakis[3,5-bis(perfluorohexyl)phenyl]-

borate, was used to perform voltammetry in a fluorous solvent for the first time. Cyclic 

voltammograms of ferrocene were obtained from a 10 µm Pt microelectrode in an 80.5 

mM solution of a fluorophilic electrolyte salt in perfluoro(methylcyclohexane).  
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1.1 Abstract 

 In this chapter, the major premise of this thesis is presented following a discussion 

of the underlying theory. Since the majority of the work revolves around ion-selective 

electrodes, the chapter begins with an introduction to ion-selective electrodes and theory 

(1.1.1 – 1.1.3), which is followed by an explanation of biofouling – a limitation of ion-

selective electrodes that is one of the great motivators behind this research (1.1.4). The 

general properties of a unique class of compounds termed fluorous phases are then 

discussed (1.2.1) before it is proposed that they be used as the membrane matrix of a new 

type of ion-selective electrode and the advantages of such a system are discussed (1.2.2). 

Finally, the main challenges facing the development of fluorous ion-selective electrodes 

are briefly discussed. A chapter overview of the rest of the thesis is also given.  

The contents of this chapter do not represent a complete introduction to all of the 

research presented in this thesis. In each of the following chapters, more detailed 

background information is provided that is specific to each project. 
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1.2  Ion-Selective Electrodes: Background and Theory 

1.2.1  Receptor-Based Ion Sensors and Ion Selective Electrodes 

 Receptor-based ion sensors are a class of sensors that are capable of measuring 

the activity of ions in solution. More specifically, they are capable of selectively 

measuring the activity of only one type of ion in solution, even in the background of 

many other types of ions. For example, a K+ sensor will respond only to the activity of K+ 

in a sample solution, even if the sample contains a significant amount of other ions like 

Na+ or Cl–. Ion-selective electrodes (ISEs), the most common type of receptor-based ion 

sensors, respond to ion activities by generating a measurable electrical potential while 

another type of receptor-based ion sensors, optodes, respond with a color change.1,2 

 ISEs have evolved into a well-established and routine analytical technique,1-6 

finding broad application due to their wide ranges of linear response, low detection 

limits, high selectivities, and low cost. They are used in process control, the food 

industry, as environmental sensors, and in many other applications. However, the major 

application for ISEs is in the clinical laboratory, where it is estimated that over 200 

million K+ measurements are made with ISEs each year in the U.S. alone.7 If one also 

considers the other clinically relevant ions (Na+, Cl–, HCO3
–, Ca2+, H+, etc.) that are 

measured, then well over a billion measurements are made with ISEs per year. 

 Fig. 1 shows a diagram of a typical ISE setup. Here, the sample-dependent 

electrical potential generated by the ISE is measured relative to the constant potential of 

the reference electrode. While many components make up a complete ISE measuring 

system, the ion-selective membrane is the only component responsible for generating a 

sample-dependent response. More specifically, it is the front side of the membrane (the 

side in contact with the sample solution) where the sample-dependent potential is 

generated. The back side of the membrane is in contact with an inner filling solution of 

constant composition. 
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Figure 1. Diagram of typical ISE setup. Includes ISE (left), reference electrode (right), 

and voltage measuring device (top). 

 

 ISE membranes are often made of four components: a polymer, plasticizer, ionic 

site, and a receptor (also called an ionophore). The polymer gives the ISE membrane its 

mechanical stability while the plasticizer (dissolved into the polymer) softens the 

polymer and decreases the electrical resistance of the membrane. Most often, poly(vinyl 

chloride) (PVC) is used along with a plasticizer such as o-nitrophenyl octyl ether 

(oNPOE) or dioctyl sebacate (DOS), together defining the matrix of the ISE membrane 

(Fig. 2). 
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Figure 2. Some examples of the components of a typical ISE membrane matrix: PVC 

(polymeric support), oNPOE (plasticizer), and DOS (plasticizer). 

 

 Ionic sites are lipophilic ions that strongly prefer to reside in the hydrophobic ISE 

membrane rather than partition into the water in contact with the membrane. Ionic sites 

are absolutely essential to the ISE membrane as they impart the ability to measure either 

cations or anions (see section 1.2.2). Two examples of ionic sites include the salts 

potassium tetrakis(p-chlorophenyl)borate and tridodecylmethylammonium chloride, the 

first being an anionic site and the second a cationic site (Fig. 3). 

 

 

Figure 3. Two examples of common ionic sites used in ISE membranes: an anionic site 

(left) and a cationic site (right). 

 

 Finally, receptors are added to ISE membranes in order to tune their selectivities 

(see section 1.2.3). Receptors are lipophilic compounds capable of selectively binding the 

ion of interest, and can be either electrically neutral or charged. Strong association 

between the receptor and a particular type of ion causes the membrane to exhibit greater 

selectivity for that ion. Some examples of receptors are shown in Fig. 4, one receptor for 
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K+ and another for Na+.8,9 Through the development of new receptors, ISEs have been 

developed for over 60 analytes and continue to be developed at a rapid pace.1,2 

 

 

Figure 4. Two examples of receptors used in ISEs. 

 

1.2.2  The Phase Boundary Potential Model 

 In order to improve the performance of ISEs, a thermodynamically-based model, 

the phase boundary potential model, has been established to describe their equilibrium 

response.1,2,5 Most importantly, the theory quantitatively explains how the electrical 

potential generated by the membrane is related to the membrane and sample composition. 

To begin, several assumptions are made about the system: 

1. The system is in a state of equilibrium.  There is no net flux of species into or out 

of the membrane. 

2. The membrane potential is composed of the phase boundary potential at the 

interface between the sample and the membrane, the diffusion potential within the 

membrane, and the phase boundary potential at the interface between the 

membrane and the inner filling solution. The last two of these are assumed to be 

constant and not dependent on the sample composition. 

3. There is no leaching of membrane components into the sample, and the volume of 

the sample is large enough that there are no significant changes upon equilibration 

with the membrane. 
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In terms of the measured potential across the membrane, assumption 2 states that only the 

potential at the sample-membrane interface is affected by changes in the activity of the 

sample solution and other contributions to the measured potential are constant. Therefore,   

PBconstM EEE +=               (1) 

where ME  is the measured potential, constE  is the sum of all of the constant potentials, 

and PBE  is the sample-membrane phase boundary potential.  

In order to calculate an explicit value for PBE , one can begin by considering the 

chemical and electrochemical potential for ions in the aqueous (sample) phase that is in 

contact with the ISE membrane. The chemical potential for ion I in the aqueous solution, 

(aq)Iu , can be formulated as:10 

(aq)RTln (aq)(aq) 0
III auu +=              (2) 

where R and T have their usual meanings, (aq)0
Iu  is the standard state chemical potential 

and (aq)Ia  is the activity of ion I in the aqueous sample solution. The electrochemical 

potential, (aq)~
Iu , for ion I in the aqueous phase can be formulated as: 

(aq)Fz(aq)(aq)~ ΦIII uu +=           (3) 

where Iz  is the charge of ion I, F is the Faraday constant, and (aq)Φ  is the electrical 

potential in the aqueous phase. Substitution of Eq. 2 into Eq. 3 gives the following 

expression for the electrochemical potential of ion I in the aqueous phase: 

(aq)Fz(aq)lnRT(aq)(aq)~ 0 ΦIIII auu ++=                     (4) 

Similarly, for the organic (ISE membrane) phase: 

(org)Fz(org)lnRT(org)(org)~ 0 ΦIIII auu ++=             (5) 

As stated in assumption 1, the system is in equilibrium, so the electrochemical potential 

of ion I in the aqueous phase and the organic phase must be equal. By setting Eq. 4 and 5 

equal and solving for (org)(aq) ΦΦ − , the following relation can be obtained: 

(org)

(aq)
ln

zF
RT

zF

(aq)(org)
∆E

00

PB
I

III

a

auu
+

−
−== Φ              (6) 

This relationship demonstrates how the sample-membrane phase boundary potential 

relates to the activity of ion I in the sample and in the membrane.  
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1.2.2.1 The Distribution Potential 

Consider a membrane made of only a polymer support and plasticizer.  In the 

presence of an aqueous solution of NaCl, one would expect that very little of this salt 

would partition into the membrane due to the large hydration energy of sodium and 

chloride ions in the aqueous sample. Even so, some of this salt would still partition into 

the membrane bulk according to the equilibrium: 

sample,Clsample,Na

membrane,Clmembrane,Na

ClNaNaCl dist,  

 

−+

−+

−+ ==
aa

aa
kkK           (7) 

where aI is the activity and kI is the single-ion distribution coefficient for ion I. For a ten-

fold increase or decrease in the activity of an ion in the sample, the activity of that ion in 

the membrane also increases or decreases by a factor of 10 — thereby keeping the ratio 

(org)(aq) II aa  constant.  Eq. 6, then, implies that the phase boundary potential of such a 

membrane is independent of the activity of the ion of interest.  

However, even in this case, a significant phase boundary potential still exists at 

this interface. This potential is called a distribution potential11 and comes from the 

difference in the free energies of transfer (the energy required to move an ion from the 

aqueous phase to the organic membrane phase) between Na+ and Cl-. While the bulk of 

the sample and membrane phases are electroneutral, the phase boundary potential builds 

across a narrow region on both sides of the membrane-sample interface, extending only a 

few Debye lengths (usually from 1 to 10 nm) into each phase.12 This thin layer charges 

up an electrical double layer reminiscent of a capacitor, its potential dependent on the 

difference in the free energies of transfer between the cation and anion of the salt in the 

sample, but not on the activities of each. While various theoretical models12 have been 

developed, the molecular-level charge distribution within this charge separation layer is 

complex and depends, among other things, on the two types of immiscible phases that are 

in contact. 
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1.2.2.2 Ionic Sites and the Nernstian Response 

As mentioned earlier, as long as there is only one salt in a two-phase system the 

distribution potential is independent of the activity of ions in the sample solution because 

the ratio of the activities of ions in the aqueous and organic phases remains the same 

despite differences in the individual activities.  In order to be able to measure the activity 

of only cations or anions in the sample solution, the activity of one species must be held 

constant in the membrane so that changes in the ion activity in the aqueous phase will 

yield a change in the phase boundary potential.  One accomplishes this with the 

incorporation of lipophilic ionic sites into the membrane. If a sufficient concentration is 

added to the membrane, ionic sites can act as a buffer, keeping the activity of their 

counter-ion constant. 

For example, consider a membrane containing enough sodium tetrakis(p-

chlorophenyl)borate to completely overwhelm the small amount of Na+ that would 

otherwise partition into the membrane from a sample solution containing NaCl. 

Assuming that the ionic site keeps the Na+ activity in the membrane constant, from Eq. 6, 

all the constant contributions to membrane potential can be combined into one term, E0, 

leading to the well-known Nernst equation: 

sample
0

M  log
Fz

2.303RT
EE I

I

a−=             (8) 

A plot of ME  vs. log aI gives a slope of Fz2.303RT I , or approximately 59 mV per 

activity decade of ion I at room temperature. 

 

1.2.3 Potentiometric Selectivity 

 One of the most important characteristics of ISEs is that they exhibit selectivity. 

This property allows ISEs to measure the activity of a particular type of ion even in the 

background of other ions. As an example, Fig. 5 shows two calibration curves measured 

with the same electrode. One calibration curve was acquired by measuring the electrical 

potential as the concentration of a solution of the ion I+ was varied between 10–1 and 10–7 

M. The other calibration curve was acquired similarly (in a separate solution free of I+) as 

a function of the concentration of J+. Each calibration curve displays a linear (Nernstian) 
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region from 10–1 to 10–5 M. Below that, the calibration curves flatten out, indicating that, 

the electrode reached its detection limit. 

 

 

Figure 5. Two example calibration curves measured with the same electrode – one for I+ 

and one for J+. 

 

 In this example, the only difference between the two calibration curves is that the 

curve for I+ is offset vertically by about +120 mV compared to that for J+. Since the 

potential response is greater for I+ than J+ at the same respective concentrations, it is said 

that the electrode is more selective for I+ than J+. Selectivity can be quantitatively 

defined in terms of a potentiometric selectivity coefficient, pot
I,JK , which is defined by:13 

( ) ( )








−=



















−
=

RT

Fz
EEexp

Fz

RT
EE

exp 00
00

pot
,

I
IJ

I

IJ
JIK               (9) 

where 0E I  and 0E J   are the potentials at 1 M I+ and 1 M J+, respectively (usually obtained 

by extrapolation of the linear regions of the calibration curves), and all other variables 

have their usual meanings. In the case of Fig. 5, since there would be approximately 120 

mV difference in potential at 1 M of each ion, Eq. 9 yields a potentiometric selectivity 

coefficient of 0.01. The logarithm of the selectivity coefficient (log pot
I,JK  ), then, is –2. 

 Selectivity between ions is determined by the difference in their free energies of 

transfer (from the aqueous sample phase into the organic membrane phase): an ion with a 
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lower free energy of transfer exhibits greater selectivity. The free energy of transfer can 

be split into two main energy contributions: (1) the energy required to dehydrate the ion 

from the aqueous sample solution and put it in the gas phase, and (2) the energy gained 

from stabilization by the membrane matrix and ionophore (if present). Smaller, more 

hydrophilic ions require a greater amount of energy to dehydrate and are usually not very 

well stabilized by a hydrophobic membrane matrix. Therefore, an ionophore-free 

membrane will exhibit selectivities that follow the same trend as the lipophilicities of the 

ions, that is, selectivities follow the Hofmeister series:14 Li+ < Na+ < K+ < Rb+ < Cs+. 

This is illustrated in Fig. 6, by the leftmost (ionophore-free) membrane. 

 

 

Figure 6. Illustration of the free energies of transfer for ions entering an ionophore-free 

membrane (left) and a Na+ ionophore-doped membrane (right). The free energy of 

transfer for Na+ is significantly less in the ionophore-doped membrane, indicating a 

greater selectivity for Na+. 

 

 The selectivity of the sensor can be tuned by addition of an ionophore that is 

capable of specifically binding the analyte ion. In the example shown in Fig. 6, the 

rightmost membrane contains an ionophore that only binds Na+. The ionophore lowers 
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the free energy of transfer for Na+, thereby increasing its selectivity relative to other ions. 

In the same way, other ionophores may be included into sensor membranes to impart 

selectivity for other ions. 

 

1.2.4 Biofouling of ISEs 

Since the development of a thorough thermodynamic understanding of ISE 

behavior, many improvements have been made in terms of their selectivities, detection 

limits, and lifetimes. For example, an understanding of the causes of the detection limit15 

of ISEs has recently made it possible for researchers to lower the detection limit of these 

sensors down to the picomolar level,16,17 further broadening their applicability in 

analytical measurements.18 Moreover, through the continuing development of new 

receptors,2,3 ISEs are regularly being developed that are selective for new analytes, which 

previously required measurement by more expensive, time-consuming techniques. 

Because of these and many other improvements, ISEs have found widespread 

application in the clinical laboratory, where they are used to measure clinically relevant 

ions in blood, urine, cerebrospinal fluid, and other body fluid samples. While these 

sensors continue to serve as the best technique for measuring ions in clinical analyzers, 

they could serve a far greater purpose if they were implanted directly into the patient as a 

miniature array of ISEs, each selective for a certain ion. As a fully implantable sensor 

array, they could be used to directly monitor clinically relevant ions in real time without 

disturbing the patient. 

As enticing as fully implantable sensors sound, implantable ISEs have not yet 

been realized. In order to be useful, a fully implantable sensor would need to last for 

years at a time in the body before it could be replaced or serviced.19,20 While ISEs can 

last for years in “clean” sample solutions like those one would make in a lab, when they 

are placed in complex samples, like blood, urine, or river water, they rapidly begin to 

exhibit significant drift, loss of selectivity, and may also exhibit slow response times.21-25 

All of these behaviors interfere with proper sensor response and are indicative of sensor 

“biofouling”. There are three main deleterious processes that contribute to biofouling of 

ISEs:  
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1) Leaching of low-molecular weight components. 

Over time, low-molecular weight components, such as plasticizers or ionophores, 

can leach from the sensor membranes into the sample. The extent of this loss depends on 

the hydrophobicity of these components and on the composition of the samples. It is 

more pronounced if samples contain lipid fractions that stabilize the leaching components 

in the sample. For example, it is well documented that ionophores leach much more 

readily into whole blood than into aqueous samples. This is the result of hydrophobic 

interactions between the leached compounds and components of whole blood. Leaching 

has been discussed thoroughly26-29 and can be inhibited by use of very lipophilic 

ionophores or the covalent attachment of ionophores to the polymer fraction of the 

sensing membrane.30
 

 

2) Adsorption of proteins and cells to the surface of the sensing membranes.  

In the case of voltammetric sensors, blockage of the sensor surface strongly 

affects the measured current and thereby diminishes the magnitude of the analytical 

signal. In the case of a typical ionophore-based potentiometric sensor, the situation is 

more complicated. Blockage of a high fraction of the sensor surface by adsorption of a 

very thin layer of adsorbent may affect the response time.31 However, it does not affect 

the equilibrium potentiometric signal as long as the adsorbent does not completely block 

the ionic exchange current between the sample and the sensor membrane. In contrast, a 

very thick layer of adsorbents may affect the concentration of the analyte near the sensor 

surface. For example, a thick protein layer may cause local pH buffering. Since the 

sensor membrane is directly exposed to the adsorbent layer and not the sample, it will 

sense the former and will misrepresent the analyte concentration in the bulk of the 

sample. One of the most successful approaches to this problem was the recent 

development of nitric oxide releasing polymers,32,33 which greatly enhance 

hemocompatibility by inhibiting the adhesion of platelets to the sensing membrane. The 

implantation of needle-type sensors for up to 16 h was demonstrated. 
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3) Extraction of electrically neutral sample components into the sensor membrane.  

For a long time, the adsorption of sample components onto surfaces of receptor-

based sensors and the extraction of sample components into sensor membranes were not 

distinguished clearly. However, it has recently become apparent that the two effects must 

be distinguished from one another. Electrically neutral lipophilic components may 

partition into sensing membranes and — directly or indirectly — affect the membrane 

activity of the potential-determining ions, which are distributed across the sample-

membrane interface. Several reports have shown that the presence of various lipids (and 

lipophilic proteins) with polar functional groups in the sensor membrane can drastically 

lower the selectivity of ISEs.21-24 

 Fig. 7 shows an example of this behavior.22 In this experiment, an ISE was 

monitored upon addition of several compounds found in human urine. Even though the 

compounds were electrically neutral at the pH that these tests were run, the electrode still 

responded when they were added. The drifty response was shown to be caused by 

partitioning of the lipophilic compounds into the sensing membrane where they act as 

very non-specific receptors, changing the overall selectivity of the membrane. In a 

separate report,21 a 10,000-fold decrease in the magnitude of the selectivity for H+ over 

K+ ( pot
KH,K ) was described upon exposure of a pH ISE to process cheese. Many other 

reports describe similar behavior. 
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Figure 7. Emf response of an electrode with a chloroparaffin/PVC/potassium 

tetrakis[3,5-bis(trifluoromethyl)phenyl]borate membrane dipped into 7 mM KCl solution 

upon addition of various natural lipophilic compounds: cholic acid, 1 (10-5.0 M); 

phosphatidylethanolamine, 2 (10-5.0 M); phosphatidylserine, 3 (10-5.0 M); coproporphyrin 

I, 4 (10-5.0 M); and octanoic acid, 5 (10-4.0). 

 

1.3  Receptor-Based Sensors with Fluorous Matrixes  

In order for biofouling-resistant, receptor-based sensors to be developed, all of the 

sources of biofouling must be addressed. Methods to eliminate the leaching of low-

molecular weight compounds out of ISE membranes are now fully described, and a very 

significant amount of research is being undertaken in order to prevent the adsorption of 

biological sample components onto sensor membranes. However, to the best of our 

knowledge, no one has ever knowingly attempted to eliminate biofouling caused by the 

extraction of electrically neutral interferents, even though it is an essential step towards 

the development of a biofouling-resistant, receptor-based sensor. One of the main goals 

of the research presented in this thesis is to create an ISE system that is immune to this 

important source of sensor fouling. We approach the problem by using membrane 

matrixes of such low polarity that they are not only immiscible with hydrophilic 

compounds, but are also immiscible with lipophilic compounds. With such membrane 

matrixes, the extraction of any naturally-occuring, lipophilic interferents should be 
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drastically reduced. The extreme properties required of such a membrane matrix can be 

found in a highly unique class of materials: fluorous phases. 

 

1.3.1 Fluorous Phases 

1.3.1.1 General Characteristics 

 The term “fluorous” — in analogy to “aqueous” and “organic” — emphasizes the 

distinctively low polarity of highly fluorinated phases. As expected for solvents with low 

polarity, the solubility of fluorous compounds in water is extremely limited (10–6 to 10–10 

mL/mL for a series of compounds with 5 to 10 carbon atoms34). More unexpectedly, 

many fluorous solvents are also immiscible with many nonpolar solvents such as higher 

alkanes, even though their dielectric constants are similarly low. At room temperature, 

perfluoroalkanes with seven or more carbon atoms are not miscible with the 

corresponding alkanes35 (e.g. octane and perfluorooctane do not mix at room 

temperature), and the free energy of transfer of a CH2 group from a hydrocarbon into a 

fluorocarbon phase is about one third of the energy required for the transfer of a CH2 

group from a hydrocarbon into water.36 These intriguing properties result from the 

extraordinarily low polarity of fluorous compounds, which have the lowest polarities of 

all known solvents (Fig. 8). 

 The low polarity of fluorous phases is a result of their many C–F bonds. Due to 

the high electronegativity of fluorine relative to carbon, the electrons in these bonds are 

pulled very close to the fluorine atoms. The rather fixed nature of the electron density in 

fluorous molecules makes random or induced dipoles very weak. Therefore, it is the low 

polarizability (the weak London dispersion forces) of fluorous phases that distinguishes 

them from organic phases, since their dipolarities are similar. To give an example of just 

how nonpolar fluorous phases are compared to organic phases, on the π* scale of solvent 

polarity, where dimethylsulfoxide defines 1 and cyclohexane defines 0, perfluorooctane 

has an astonishingly low value of –0.41.37,38 Again, hexane and perfluorohexane have 

similar boiling points (68 and 56 ºC, respectively) even though the molecular weight of 

the latter is 3.9 times larger.  
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Figure 8. Chloroform and perfluorohexane do not mix at room temperature precisely 

because chloroform is too polar. Here, the resulting two-phase system is made into a 

three-phase system by the addition of water. 

 

These unique characteristics necessitate a distinction between the terms 

“fluorous” and “perfluorinated”. While the former describes highly fluorinated 

compounds with extremely low polarity, the latter merely describes a structural 

characteristic. This is to distinguish fluorous compounds from those that contain a high 

density of polar functional groups and, although perfluorinated, are not fluorous. Nafion 

and Tosflex, two highly fluorinated ion-exchanger polymers, are an example of this, as 

they are actually quite hydrophilic and can soak up large amounts of water. 

 

1.3.1.2 Biocompatibility of Fluorous Liquids 

The future use of fluorous sensors in biological samples (e.g., in clinical samples 

and in the human body) is one of the driving motivations of this work, even though the 

development of robust, receptor-based chemical sensors made of fluorous matrixes has 

importance well beyond medical sciences. Since the in vivo use of fluorous sensors is 

particularly interesting, the biocompatibility of fluorous solvents is especially important. 

Fortunately, several different types of fluorous solvents have been used for medical 

purposes and the fate of fluorous materials in the human body has been investigated in 

detail. Two of the most relevant medical purposes for fluorous solvents are as a vitreous 
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fluid replacement in eye surgery, and as blood substitutes. Despite a wealth of research 

into the biocompatibility of poly(tetrafluoroethylene) (PTFE),39-43 it is an unplasticizable 

polymer, and therefore not useful to us as a sensor membrane matrix, so even though it 

does have some interesting implications for our research, it will not be discussed in this 

brief introduction. 

 The high density (1.7 to 2.0 g/cm3), refractive index similar to that of water (1.27 

to 1.33), perfect transparency, immiscibility with water, and low viscosity make 

perfluorocarbons ideal vitreous substitutes for eye surgery.44 Importantly, commercially 

available perfluorocarbons have no known toxicity. This makes it possible to leave 

perfluorocarbons in the eye for many weeks; up to 6 weeks were tested without negative 

consequences.45 The most commonly used perfluorocarbon for eye surgery is 

perfluoroperhydrophenanthrene (PFPHP). Notably, none of several clinical studies 

indicates that there is extraction of biological components into a perfluorocarbon phase. 

 In 1966, the spectacular survival of a mouse upon immersion in an O2-saturated 

fluorocarbon was reported; this experiment showed that the mouse could breathe in the 

fluorocarbon.46 Many reports of fluorocarbons as O2 transporters were published 

thereafter. Advantages of perfluorocarbons as blood substitutes are their ready 

availability and a viscosity that is only half that of blood. Interestingly, there is no 

specific interaction between fluorocarbons and dissolved O2. The high O2 solubility 

correlates directly to how easily cavities of appropriate size can be formed in 

fluorocarbons. No evidence for metabolization of perfluorocarbon blood substitutes 

exists, and no carcinogenic, teratogenic or other long-term effects are known, despite the 

fact that a single treatment requires the use of several hundred grams of the perfluoro-

carbon as blood substitute. 

 

1.3.2 Advantages of Fluorous Matrixes 

1.3.2.1 Decreased Extraction of Biological Interferents 

 Because of an interest to use fluorous phases not only for oxygen transport in the 

human body but also for drug delivery, the solubilities of a number of biologically 

relevant compounds were measured in some fluorous solvents.35,47 It was found that 
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sugars, amino acids and a number of carboxylic acids have very low solubilities in 

fluorous solvents. Interestingly, as a manifestation of the unique character of fluorous 

phases, the solubility of alkanoic acids decreases with the length of the alkyl chain. 

Clearly, this is the result of the lipophobicity of the fluorous phase.48 Indeed, these data 

show that fluorous phases are not only more robust towards lipid extraction than 

hydrocarbons, and — due to their ultimately low polarity — are more lipophobic than 

any other water-immiscible phase; they indicate that fluorous phases are indeed 

lipophobic enough to eliminate lipid interferences. For example, at 37 ºC stearic acid, 

CH3(CH2)16COOH (a natural fatty acid), has a solubility in hexane of 430 mM,49 which is 

about twenty times higher than the typical ionophore concentration in an ISE membrane. 

Such a concentration in a sensing membrane has the potential to cause major selectivity 

losses in potentiometric measurements. Even more detrimental is the stearic acid 

solubility of 770 mM (18% wt/wt; at 37 ºC) in trioleoyl glycerol,50 which is a triester 

closely resembling the frequently used ISE membrane plasticizers dioctyl sebacate and 

dioctyl phthalate (both diesters). In contrast, the solubility of stearic acid in the 

fluorinated solvent trans-1,2-bis(perfluorohexyl)ethylene is only 0.026 mM (37 ºC),48 

which is about 1000 times lower than the typical ionophore concentration and, therefore, 

unable to cause a measurable lipid interference. 

 Elimination of ISE biofouling caused by the extraction of neutral interferents 

would be a major step toward the development of long-term, fully implantable ISEs. The 

next step in this line of research (following thorough characterization of sensor stability 

and extraction properties) would be to incorporate orthogonal technologies being 

developed in other labs to create biocompatible surfaces that the body cannot distinguish 

from surrounding cell surfaces. While surface modification with polyethylene glycol51-53 

and other polymers improve surface properties, materials that mimic cell function as well 

as surface structure, such as the nitric oxide-releasing polymers54,55 being developed in 

the lab of Meyerhoff, look very promising.  While the use of biofouling-resistant, 

fluorous sensor membranes in medical applications is an important application of this 

work, other important applications exist as well, especially in the food industry (for 
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measurement of ions directly in food and beverages) and for environmental monitoring 

(such as in remote locations where sensors cannot be replaced or recalibrated very often).  

Characterization of the immunity of fluorous sensor membranes to the extraction 

of biological interferents is outside the scope of this thesis as other members of my 

research group are studying that issue, but the theory and importance has been presented 

here in order to explain the greater implications of fluorous sensor membranes. 

  

1.3.2.2 Enhanced Selectivity 

 In receptor-based chemical sensors, the selectivities are not only dependent on the 

receptor, but are also determined by the chemical nature of the membrane matrix. In 

general, it has been shown that membrane matrixes with lower ion-binding properties 

exhibit overall greater selectivity between ions.1,2,56 Therefore, it is usually favorable to 

use membrane matrixes that are as non-coordinating as possible.56 The use of many 

nonpolar membrane materials has been reported in order to increase sensor selectivities, 

but fluorous phases (the least polar, most non-coordinating materials known) have never 

been applied as sensor matrixes. The overall selectivities of a fluorous receptor-free 

sensor should be much greater than receptor-free sensors incorporating other matrixes 

(illustrated in Fig. 9B and 9C). Therefore, in addition to enhanced biofouling 

characteristics, fluorous sensors should also exhibit enhanced selectivity. In Chapter 2, 

the first fluorous receptor-free ISE is described and its selectivities are compared to that 

of two receptor-free ISEs made with conventional matrixes. 
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Figure 9. Comparison of selectivities (free energies of transfer) between a conventional 

organic membrane (A and B) and a fluorous membrane (C and D). While B and C are 

receptor-free, A and D contain an H+-selective receptor. 

 

Just as fluorous receptor-free sensors show enhanced selectivity, fluorous 

receptor-doped sensors should also display enhanced selectivity.56 Very little stabilization 

is offered to components dissolved in a fluorous matrix; the receptor and the ion are the 

only significant sources of stabilization for each other, making receptor-ion binding very 

strong. Therefore, most ions have a very large free energy of transfer for entering a 

fluorous membrane (low selectivity for interfering ions) except for the ion with which the 

receptor binds very strongly (high selectivity for the primary ion: illustrated in Fig. 9A 

and 9D). Chapter 4 describes the first fluorous receptor-doped ISEs, which are pH 

sensors. The selectivities of the sensors are compared to those of pH sensors made with 

conventional matrixes. 
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The use of fluorous matrixes in chemical sensors could not only allow the design 

of sensors with better selectivities for existing analytes, but could also make it possible to 

create sensors for new analytes. 

 

1.3.2.3 Wider Measuring Range 

 While the lower detection limit of an ISE is usually determined by selectivity, the 

upper detection limit is determined by the onset of Donnan failure. “Donnan failure” is a 

term used to describe a situation in which the sample concentration of the primary ion 

salt is high enough that a significant amount of counter-ions are co-extracted along with 

the target ion into the sensor membrane.57,58 When this happens, the sensor no longer 

responds in a Nernstian fashion. Since fluorous phases offer very little stabilization to 

ions dissolved in them, a much larger chemical potential may be required for a significant 

amount of counter-ions to extract into fluorous sensor membranes compared to 

conventional organic sensor membranes. This effect, in addition to the greater selectivity 

of fluorous membranes, are likely to cause an increased upper detection limit and a 

decreased lower detection limit, giving an overall wider measuring range. In chapter 4, 

the measuring ranges of fluorous membrane pH electrodes are compared to those of 

conventional organic membrane pH electrodes. 

 

1.3.3 Main Challenges in Fluorous ISE Design 

1.3.3.1 Design of Fluorophilic Ions 

 As discussed earlier, the incorporation of ionic sites into ISE membranes is 

essential to their proper functioning. Usually, these ions bear several lipophilic structures 

in order to make them soluble in an organic membrane matrix. The use of a fluorous 

matrix presents an additional challenge. While ions are inherently polar, fluorous phases 

are the least polar phases known, making it difficult to design a salt that is significantly 

soluble in a fluorous solvent. Moreover, the fluorophilicity of the salt must come from 

only one ion of the salt, since the other ion will be exchanged by for the ion that is being 

measured, which could be a hydrophilic ion like Li+ or H+. This requires the ionic site to 

be extremely fluorophilic. 
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 At the beginning of this research, only two fluorophilic ions were described in the 

literature, the salts of which are: sodium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate 

(NaBArF104),
59 and the fluorous ammonium salt, 6 (Fig. 10).60 These ions were 

developed for use as phase transfer catalysts in fluorous biphasic catalysis, although 

NaBArF104 was not known in its pure form.61 In the work presented in this thesis, the 

fluorous borate anion of NaBArF104 is used extensively as an anionic site and as part of 

an electrolyte salt, but we did not attempt to synthesize the ammonium salt 6 as it 

requires an 11-step synthesis. Instead, several new fluorous salts were developed as ionic 

sites and electrolyte salts that require less synthetic effort. Chapters 2 to 6 all describe 

new fluorophilic ions, used as both ionic sites and electrolyte salts. These fluorous salts 

make it possible to lower the electrical resistance of the fluorous solvents enough to do 

electrochemistry in them. Thus, the electrochemistry in this work constitutes the first 

examples of electrochemistry in fluorous solvents. 

 

 

Figure 10. The only two fluorophilic ion salts described in the literature before this 

research: sodium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate, NaBArF104, and the 

fluorophilic ammonium salt, 6. 

 

1.3.3.2 High Electrical Resistance/Ion Pairing 

 Potentiometry is an electrochemical technique that is one of the least sensitive to 

high electrical resistance through the electrochemical cell. However, in work with very 
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low polarity solvents, ion-pair formation becomes significant, and the resulting high 

electrical resistance can cause noisy and inaccurate measurement of electrode potentials. 

Since fluorous phases are the most nonpolar phases known, ion pairing is extraordinarily 

strong. In many cases, accurate measurement can only be attained by addition of a 

supporting electrolyte salt to lower the electrical resistance. Chapter 3 and 5 describe the 

use of two fluorous electrolyte salts for this purpose. Chapter 2 and 4 discuss the first ion-

pair formation constants ever measured in a fluorous solvent. 

Another electrochemical technique, voltammetry, is much more sensitive to high 

resistance than potentiometry.62 By use of specialized electrolyte salts, several reports 

have described voltammetry in very nonpolar solvents. However, no report has ever 

described voltammetry in a fluorous solvent. Chapter 6 describes the use of a new 

fluorous electrolyte salt and its use to perform voltammetry using a fluorous solvent.  

 

1.3.3.3 Design of Fluorophilic Receptors 

Many receptors have already been designed for chemical sensors, but in order to 

use them in a fluorous sensor membrane, their structures must be modified to increase 

their solubility in a fluorous matrix. Fluorophilicity is usually imparted by the addition of 

perfluoroalkyl moieties.61,63-65 However, these heavily electron-withdrawing groups must 

be placed intelligently in the receptor’s structure, as they could change its coordination 

characteristics and/or cause extra steric hindrance.64 Chapter 4 discusses this matter in 

greater detail and also presents the first fluorophilic receptors used in a fluorous sensor 

membrane – a series of fluorous pH receptors. 

 

1.3.3.4 Design of Fluorous Polymeric Membrane 

 In order to explore the properties of ISEs made of materials at the ultimate limit 

of nonpolarity, the membrane matrix must be as fluorous as possible. Ideally, then, the 

membrane matrix would be composed of a fluorous polymer plasticized with a fluorous 

plasticizer, or it would be composed of a fluorous elastomer. Either way, the fluorous 

membrane matrix would have to have a glass-transition temperature (the temperature 

above which the matrix is fluid-like) below room temperature. While a plasticized PTFE 
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membrane is an obvious first choice because of the highly fluorous character of PTFE, it 

is crystalline and cannot be plasticized. Other commercially available perfluorinated 

polymers were recently shown to be plasticizable,66,67 including Teflon AF and Cytop 

(Fig. 11). Unfortunately, all of them contain heteroatoms which may act to stabilize ions, 

thereby reducing the fluorous character of the membrane matrix. Chapter 3 presents the 

actual measurement of the coordinative properties of heteroatoms in highly fluorinated 

compounds, which is critical for the development of a highly fluorous polymeric 

membrane system. 

 

 

Figure 11. Two examples of commercially available perfluorinated polymers that have 

been shown to be plasticizable. 

 

1.4 Chapter Overview 

The main focus of this thesis lies in the original development and fundamental 

understanding of receptor-based chemical sensors with fluorous matrixes. The work in 

Chapter 2 opened up the field of fluorous electrochemistry with the development of the 

first potentiometric sensor with a fluorous membrane – a simple cation-exchanger with a 

fluorous matrix. The selectivities of the sensor and the ion-pair association constants of 

specific salts in a fluorous solvent were determined. With this fluorous ion-exchanger 

system, we were uniquely qualified to measure weak binding characteristics of 

perfluorinated compounds containing heteroatoms. Chapter 3 reports on these 

measurements for a set of fluorous compounds containing heteroatoms of nitrogen and 

oxygen along with density functional theory calculations that confirmed our results. 

Finally, in Chapter 4, a series of fluorophilic receptors were added to the fluorous ion-

exchanger system, demonstrating the first receptor-based sensors with fluorous matrixes, 
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specifically the first fluorous pH sensors. The fluorous pH sensors were characterized in 

terms of their selectivities, and the pKa values of the receptors were measured. As all of 

the research up to that point had been with fluorous cation sensors, Chapter 5 reports on 

our synthesis of a fluorophilic phosphonium salt that we used as a cationic site in the first 

fluorous anion-selective electrode. It was characterized in terms of its selectivity and 

other characteristics. The work in Chapter 6 extends this new field of fluorous 

electrochemistry beyond potentiometry by demonstrating the first voltammetry ever 

performed in a fluorous solvent. Finally, Chapter 7 summarizes the results of this work 

and discusses possible future directions for the research. 

Since the work in this thesis approaches the subject matter on a relatively 

fundamental level, some of the more analytically relevant sensor characteristics, such as 

biocompatibility, detection limits, long-term stability, etc., are not given nearly as much 

attention as they deserve. Future work from the Bühlmann group will discuss those issues 

explicitly. Despite the lack of such information, in each chapter I attempt to communicate 

the broad application of the work presented in addition to its fundamental importance. 

Also, more detailed background information specific to each project will be provided in 

an introductory section at the beginning of each chapter. 
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2 CHAPTER TWO 

 

 

 

 

Fluorous Bulk Membranes for Potentiometric Sensors with 

Wide Selectivity Ranges: Observation of Exceptionally 
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2.1 Abstract 

  

 

 

Potentiometric sensors based on fluorous membranes doped with a fluorophilic 

tetraphenylborate derivative are shown to have a remarkably wide range of selectivities 

that exceeds the selectivity range of conventional polymeric membranes by eight orders 

of magnitude. The fluorous character of these sensing membranes explains the formation 

of ion pairs of unprecedented strength. Ion pair formation constants in perfluoro-

(perhydrophenanthrene), as measured in this work, are on the order of 1014 M–1, which 

are of the same order of magnitude as the largest ion pair formations constants ever 

reported in the literature. The low solubility of lipids in such fluorous phases makes them 

very promising for the reduction of biofouling. 
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2.2 Introduction 

Chemical sensors based on receptor-doped polymeric membranes have been 

developed for over 60 analytes.1-5,68,69 Recent improvements in the design of these 

sensors have lowered detection limits into the picomolar concentration range,16-18 and 

novel receptors that allow the selective detection of new analytes continue to be reported 

frequently. Unfortunately, biofouling19,20 can seriously limit the lifetime of these sensors. 

While biofouling has long been suspected to be related to adsorption effects, it was only 

recently shown that drifts and a gradual loss of selectivity can also result from the 

extraction of synthetic nonionic surfactants23,24 and naturally occurring hydrophobic 

sample components,21,22 such as lipids and proteins, into sensing membranes. Examples 

for the latter are the decrease in selectivities of a H+-selective ISE by up to four orders of 

magnitude upon exposure to cheese,21 and the sixfold increase in Na+ interference of the 

commercially highly successful valinomycin-based K+ ISE upon exposure to urine.22 Due 

to their extremely low polarity, fluorous phases have the potential to reduce this type of 

biofouling by limiting the extraction of electrically neutral sample components into 

sensing. 

In this study, cation-selective sensing membranes incorporating fluorous matrixes 

were developed and characterized in terms of their selectivities, and ion-pair formation 

constants were measured for several salts in the fluorous phase. Due to the uniquely 

nonpolar nature of fluorous phases, the fluorous sensors are shown to demonstrate 

exceptional selectivity compared to similar ones employing organic matrixes, and the 

ion-pair formation constants were found to be of the same order of magnitude as the 

largest ion-pair formation constants ever measured. This investigation shows that the use 

of fluorous membranes for electrochemical sensors is not only very promising but also 

tests the very limits of electrochemistry in phases of low polarity.  

 

2.3 Experimental 

2.3.1 Materials and Instrumentation 

All reagents and solvents for chemical synthesis were purchased from Aldrich 

(Milwaukee, WI), Oakwood (West Columbia, SC), or Lancaster (Windham, NH) and 
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were used without purification. Sample solutions were made with deionized and 

charcoal-treated water (≥18.2 MΩ cm specific resistance) obtained with a Milli-Q PLUS 

reagent-grade water system (Millipore, Bedford, MA). Double-junction sleeve-type 

Ag/AgCl reference electrodes (DX200, Mettler Toledo, Switzerland) and EMF16 16-

Channel Data Acquisition System potentiometers (Lawson Labs, Malvern, PA) were used 

for all potentiometric and conductimetric measurements. Mitex membrane filters made 

of pure poly(tetrafluoroethylene) (PTFE, 13 mm diameter, 10 µm pore size, 125 µm 

thick) were obtained from Millipore. 

 

2.3.2 Synthesis 

 

 

Scheme 1. Synthesis of sodium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate 

(NaBArF104). 

 

2.3.2.1 Synthesis of 1-bromo-3,5-bis(perfluorohexyl)benzene (1):  

Compound 1 was prepared with 60% yield using a literature procedure describing 

the synthesis of 1-bromo-3,5-bis(perfluorooctyl)benzene.70 

 

2.3.2.2 Synthesis of sodium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate (NaBArF104): 

A raw product of NaBArF104 was prepared according to a literature procedure.59 

The greenish-brown oil, which was previously reported59 to be the pure product, was 

further purified by thorough drying under vacuum and recrystallization from 

perfluorohexanes to give the product as colorless crystals. 1H NMR (500 MHz, acetone-

d6, δ): 7.72 (s, 8H), 7.59 (s, 4H). MS m/z (relative intensity): 2861.0 (20.6%), 2862.0 

(100%), 2863.0 (71.6%), 2864.0 (25.2%), 2865.0 (6.5%). Anal. Cald. for C72H12BF104Na: 



 

 31 

C, 29.96; H, 0.42; B, 0.37. Found: C, 30.05; H, 0.60; B, 0.87. Boron analysis was 

performed by ICP-AES (Quantitative Technologies Inc., Whitehouse, NJ). 

 

2.3.3 Potentiometric Measurements 

Three types of polymeric membranes were characterized simultaneously with the 

fluorous liquid-phase membranes. The polymeric membranes were fabricated by the 

usual method,71 whereby 2:1 (w/w) ratios of plasticizer and poly(vinyl chloride) (PVC) 

were dissolved in tetrahydrofuran along with a small amount of the ionic site. The 

resulting “membrane cocktails” were then poured into small, flat-bottomed, glass petri 

dishes. The petri dishes were then covered and the solvent was allowed to evaporate 

slowly overnight, resulting in transparent membranes around 0.5 mm in thickness. The 

lipophilic salts potassium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (KFPB) and 

potassium tetrakis(4-chlorophenyl)borate (KClPB) were used along with the plasticizers 

o-nitrophenyl octyl ether (oNPOE) (0.2%, w/w) and chloroparaffin (0.3%, w/w). 

The fluorous liquid-phase membranes were prepared by transferring 12 µL of a 

saturated solution of NaBArF104 in PFPHP onto the surface of a porous PTFE filter, 

into which this solution was quickly absorbed. Each filter soaked with solution of 

NaBArF104 in PFPHP was then placed in a custom electrode body made from 

poly(chlorotrifluoroethylene) (a polymer that is easier to machine than PTFE and does 

not swell when exposed to fluorous solvents) and mechanically sealed around the 

perimeter, leaving an exposed region 8.3 mm in diameter (see section 3.4, Fig. 1 for a 

diagram of the fluorous electrodes). Fig. 1 shows a typical calibration curve of one of 

these fluorous electrodes. 
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Figure 1. Cs+ calibration curve acquired with supported perfluoro(perhydro-

phenanthrene) phase containing 1.4 mM cesium tetrakis[3,5-bis(perfluorohexyl)phenyl]-

borate. 

 

Selectivity coefficients were determined by the fixed interference method4 for Li+, 

Na+, K+, NH4
+, and H+, while the separate solution method13 was employed for Ca2+, 

Ag+, NPr4
+, and NBu4

+. Nernstian responses were confirmed for all ions in the range 

where selectivities were tested. Activity coefficients were calculated according to a two-

parameter Debye-Hückel approximation.72 For all selectivity measurements, Cs+ was 

considered as the primary ion, and the inner filling solution of the ISE contained 1 mM 

CsCl. 

 

2.3.4 Conductimetric Measurements 

Due to the high resistance of solutions of NaBArF104 in PFPHP, conductivity 

cells with an acceptable cell constant and sample volume are not commercially available. 

Instead, we used a conductivity cell with a fluorous liquid phase supported by a porous 

PTFE filter (cell constant = 0.034 cm-1), as described above for the potentiometric 

measurements. All conductivities were determined with a potentiometer (input 

impedance >10 TΩ) using the method of potential reduction by a known shunt 

resistor.26,73 
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The fluorous, supported liquid-phase conductivity cells were made by transferring 

12 µL of a solution of NaBArF104 in PFPHP onto the surface of a PTFE filter, into 

which it was quickly absorbed. These membranes were then allowed to equilibrate with 

10 mL of a 100 mM solution of a chloride salt of the primary ion for 1.5 to 2.5 h. They 

were then placed in an electrode body of the same type used for the potentiometric 

measurements and immersed in a 100 mM solution of the primary ion chloride. The total 

resistance of the electrochemical cell without the fluorous supported liquid-phase 

membranes is negligible since it is more than six orders of magnitude smaller than the 

resistance of the fluorous membranes. Shunts used for these measurements had 

resistances in the range of 1.0–10 GΩ. 

In order to ensure complete conditioning of the membranes, the time required for 

equilibration of membranes upon contact with cation solutions was determined by two 

independent methods. When membranes containing NaBArF104 were exposed in a Petri 

dish to 10 mM CsCl or NaCl solutions (only one side of the membrane contacting the 

solution) and allowed to equilibrate with those solutions for 1-hour increments of time up 

to 5 hours, membrane resistances approached a final value within one hour. No 

significant difference between resistances measured after 1, 2, 3, 4, and 5 hours were 

observed. These observations suggest that these thin fluorous phases equilibrate with the 

solutions within less than one hour. This conclusion is also consistent with potentiometric 

results. When membranes containing NaBArF104 were placed into electrode bodies of the 

same type used for potentiometric measurements and immersed into 100 mM CsCl 

solutions, the time required for stabilization of the membrane potentials was no greater 

than 25 min. Note that this so-called initial conditioning time begins upon first contact of 

the sensor to an aqueous sample, and that subsequent response times to different samples 

are much shorter. 

Due to the low polarity of the fluorous solvent, the vast majority of dissolved ions 

associate with one another. While free ions have a net charge and are therefore 

conductive, a complex formed between two ions (a cation and an anion) forms the ion 

pair, which is non-conductive. However, a complex of three ions (either two cations and 

an anion or two anions and a cation) again forms a conductive species – a triple ion. 
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These equilibria are represented in Fig. 2, where M+ is the free cation, R– is the free 

anion, Kip is the ion pair formation constant, and Kt,MRM and Kt,RMR are the two triple ion 

formation constants. For practical purposes, Kt,MRM and Kt,RMR are assumed to be equal, 

and a single triple ion formation constant, Kt, is used instead. 

 

 

Figure 2. Diagram of the equilibria involved in the formation of ion pairs (M+R–) and 

triple ions (M+R–M+ and R–M+R–) from the free ions M+ and R–. 

 

The Fuoss–Kraus theory74,75, which is based on the equilibria in Fig. 2, can be 

used to explain the relationship between molar conductivity and fluorous salt 

concentration in PFPHP 
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where Λ is the molar conductivity, c is the salt concentration, ∞Λ  and ∞

tΛ  are the 

limiting molar conductivities for the salt in the form of free and triple ions, respectively, 

Kip is the ion pair formation constant, and Kt is the triple ion formation constant. ∞

tΛ  is 

commonly approximated with 3Λ2 ∞ .76 
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More complex theory can compensate for free ion activities, changes in viscosity with the 

total salt concentration, and formation of quadrupoles consisting of two cations and two 

anions. However, only a small range of salt concentrations was available experimentally 

for conductivity measurements. The relatively low solubility of NaBArF104 in PFPHP 

limits the upper range of salt concentrations available for conductivity measurement, and 

the extremely high resistance of the perfluoroperhydrophenanthrene solutions limits the 
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accuracy of conductivity measurements at low salt concentrations. While the small range 

of salt concentrations allowed accurate measurements of Kip, the constants for the 

formation of triple ions are associated with larger errors. 

As Equation Ib shows, values for the limiting molar conductivities, ∞Λ , are 

required to determine Kip from fits as illustrated by Fig. 3. Due to the strong ion pair 

formation in PFPHP and the limited salt concentration range for accurate conductivity 

measurement, the direct measurement of limiting molar conductivities is not feasible.76 

Therefore, limiting ionic molar conductivities were determined by the Stokes–Einstein 

approximation, which is known to have greater accuracy in solvents of lower dielectric 

constant:76 

iA

22
i

i
πηr6N

Fz
λ =∞            (II) 

where ∞λ  is the limiting molar conductivity for a single ion, F is the Faraday constant, 

NA is Avogadro's constant, r is the crystallographic ion radius, and η is the viscosity of 

the solvent (25 °C, 28.4 cP77). This approximation was used previously for the 

determination of ion pair formation constants in media of very low dielectric constants.78 

The limiting molar conductivity of the salt is given by ∞∞
+

∞ += -λλΛ  for a 1:1 electrolyte. 

Crystallographic ionic radii from the literature79 were used for cations, and the radius of 

the fluorophilic borate was calculated from the work of Edward80 to be 7.40 Å. Even a 

comparatively large error in the radius of the borate would not affect the calculated ion 

pair formation constants significantly because the conductivities are dominated by the 

smaller, more mobile cations.  
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Figure 3. Molar conductivity, Λ, plotted as a function of the square root of the 

concentration of the Cs+ salt of NaBArF104, shown with a Fuoss–Kraus fit. 

 

2.4 Results and Discussion 

For this study, solutions of a fluorophilic salt in perfluoro(perhydrophenanthrene), 

PFPHP (bp 215 ºC, Fig. 4), were used as fluorous cation-selective potentiometric sensing 

phases. PFPHP was chosen because it has a sufficiently high boiling point and low pour 

point (-20 ºC) to make it useful as a fluorous liquid phase and possibly as a fluorous 

plasticizer for fluorous polymeric membranes. Linear perfluorinated alkanes have ranges 

between their melting and boiling points that are too narrow to be useful as fluorous 

phases, and branched perfluorinated alkanes are not readily available. 

The selection of an appropriate salt was difficult since only a very small number 

of salts with solubility in fluorous solvents have been reported in the literature.59,81 

Preliminary results showed that highly hydrophobic tetraphenylborate salts commonly 

used in ISEs are insufficiently soluble in fluorous phases. Not even lithium per-

fluoro(tetraphenylborate) and potassium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate 

dissolved appreciably in fluorous solvents. Ultimately, sodium tetrakis[3,5-bis-

(perfluorohexyl)phenyl]borate, NaBArF104, was chosen (Fig. 4). The colorless salt 

NaBArF104 was synthesized according to a modified literature procedure59 in two steps 
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from 1,3,5-tribromobenzene, and was found to have a solubility in PFPHP of 1.4 mM as 

determined by NMR measurements. 

 

 

Figure 4. Structures of the fluorous liquid matrix (PFPHP), and the fluorous anionic site 

(NaBArF104). 

 

The eight perfluorohexyl groups of NaBArF104 result in a fluorine content of 

67.5% (w/w) and cause the high solubility of this salt in PFPHP, which itself has a 

fluorine content of 73.1%. In view of the exceptionally low polarity of fluorous solvents, 

a high tendency of NaBArF104 to form ion pairs was expected. To explore this 

possibility, the concentration dependence of the molar conductivity of NaBArF104 was 

determined in an electrochemical cell. For this purpose, porous PTFE filters were 

impregnated with solutions of NaBArF104 in PFPHP. Since PTFE is not swelled by 

these solutions, it is an inert support for the liquid fluorous phase. The fluorous 

membranes prepared in this way were mounted into a custom-made electrode body and 

the body was equipped with an inner Ag/AgCl reference and internally filled with a 1 

mM NaCl solution. An electrochemical cell was obtained by immersion of the thus 

fabricated electrode and an external reference electrode of the double junction type 

(saturated KCl as inner solution and 1 M LiOAc as bridge electrolyte) into a NaCl sample 

solution. A plot of the EMF of this cell as a function logarithm of the Na+ concentration 
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shows a Nernstian response slope, confirming that the Na+ remains in the fluorous 

membrane. The resistances of the fluorous membranes were then determined with the 

known shunt method.26 Ion pair formation constants, Kip (M
-1), and triple ion pair 

formation constants, Kt (M
-1), were obtained from the concentration dependence of the 

membrane resistance, as described in the literature.76,82,83 In brief, molar conductivities, 

Λ, calculated from the measured resistances were fitted with 
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where c is the total concentration of the fluorophilic salt, ∞Λ  is its limiting molar 

conductivity, and Kt is the triple ion formation constant. To obtain Kip and Kt values for 

other cations, membranes were equilibrated with solutions of the chloride salt of different 

cations of interest. Successful ion exchange was confirmed by Nernstian responses of 

thus conditioned membranes to the new cations. 

 

Table 1. Ion Pair Formation Constants in Perfluoro(perhydrophenanthrene) Containing 

Tetrakis[3,5-bis(perfluorohexyl)phenyl]borate and Various Cations. 

Cation Li+ Na+ Cs+ NH4
+ H3O

+ 

log(Kip)
a / M-1 14.6 14.3 14.3 14.1 14.8 

log(Kt)
b / M-1 2.9 3.2 2.0 2.5 < 2 

a Error in measurements is ± 0.1 
b Error in measurements is ± 0.5 

 

Table 1 shows log Kip and log Kt values for several cations. The log Kip values all 

fall into the relatively narrow range of 14.1 to 14.8, excluding the possibility of very 

specific cation–anion interactions. These are the first reported Kip and Kt values for ion 

pair formation in a fluorous solvent. To the best of our knowledge, these Kip values are of 

the same order of magnitude as the largest ever reported. For example, for 

tetraoctylammonium chloride in 98:2 toluene–nitrobenzene a log Kip of 14.9 was 

determined,82 and for tetrakis(decyl)ammonium tetraphenylborate in cyclohexane a log 
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Kip of 14.2 was found.83 Notably, the Kip values reported here also considerably exceed 

constants reported for ion pair formation in α,α,α-trifluorotoluene, which takes an 

intermediate role between hydrocarbons and fluorous solvents since it is miscible with 

both. While α,α,α-trifluorotoluene is, to date, the “most fluorous” solvent for which 

electrochemistry has been reported, its dielectric constant, ε, of 9.2 is relatively high and 

the log Kip of 5.4 for tetrabutylammonium tetrafluoroborate is rather low.84 

In view of chemical sensing, the potentiometric selectivities of the electrodes 

described above are of particular interest. Some selectivity coefficients of fluorous and 

conventional receptor-free ISE membranes are compared in Table 2 (see Table S1 for all 

selectivity values measured). The Cs+ ion serves as the common reference point.  

 

Table 2. Potentiometrically Determined Logarithmic Selectivity Coefficients, log pot
JCs,K , 

Referenced to Cs+ for Fluorous, Non-Fluorous Ion Exchanger, and Ionophore-Based ISE 

Membranes. 

 Log pot
JCs,K  (Separate Solution Method)a 

Membrane Type Ca2+ Li+ Na+ K+ N(Pr)4
+ N(Bu)4

+ 

I (Fluorous, 
NaBArF104) 

–4.4 –4.0 –3.8 –2.6 +9.1 +11.4 

II (Chloroparaffin, 
KFPB) 

–0.7 –1.1 –1.0 –0.7 +5.9 +6.9 

III (oNPOE, 
NaBArF104) 

–3.9 –3.7 –2.9 –1.1 +4.8 +4.3 

IV (oNPOE, KClPB) –3.8 –3.7 –2.9 –1.1 +5.5 +4.4 

Cs+ ionophore 185 –3.4 –4.2 –3.9 –2.7 – – 

Cs+ ionophore 286 –6.0 –5.7 –5.5 –3.7 – – 

a Error in measurements is ± 0.2 

 

While the selectivities of the fluorous membranes span a remarkably wide range of more 

than 15 orders of magnitude, the selectivity range for membranes prepared from PVC, 
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the plasticizer chloroparaffin, and the lipophilic anion tetrakis[3,5-bis(trifluoromethyl)-

phenyl]borate (KFPB, membrane type II) is limited to only eight orders of magnitude 

(Fig. 5).  

Notably, the perfluorohexyl-substituted anion of NaBArF104 does not appear to 

interact with appreciable specificity to alkali metal ions, as a comparison of the 

selectivities of type III and type IV membranes shows. Both types were prepared with o-

nitrophenyl octyl ether (oNPOE) as plasticizer, but the latter contained potassium 

tetrakis(4-chlorophenyl)borate (KClPB) instead of NaBArF104 as the lipophilic anion 

due to precipitation of NaBArF104. Nevertheless, their selectivities do not differ 

substantially. 

 

 

Figure 5. Selectivity diagram comparing the logarithmic selectivity coefficients of 

several cations referenced to Cs+ between (a) a fluorous membrane, and (b) a 

chloroparaffin/PVC membrane. 

 

2.5 Conclusions 

Surprisingly, the selectivities of fluorous membranes compare not only well with 

those of receptor-free membranes but are in the range of those of ionophore-based Cs+ 

selective electrodes85,86 (see Table 2). Since the high selectivities of the fluorous 

membranes are the result of the low extent of solvation of interfering ions, it can be 

expected that similarly receptor-based fluorous membranes will be much more selective 

than corresponding non-fluorous ones. Chapter 4 discusses a set of fluorous receptor-

based ISEs containing pH ionophores. 
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In summary, these results show that potentiometry with fluorous sensing 

membranes exhibits extraordinarily high selectivities. The exceptionally low polarity of 

these sensing membranes is evidenced by extremely strong ion pair formation. 
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2.6 Supporting Information 

2.6.1 Complete List of Selectivities 

 

Table S1. Potentiometrically Determined Logarithmic Selectivity Coefficients, log pot
JCs,K , 

Referenced to Cs+ for Fluorous, Non-Fluorous Ion Exchanger, and Receptor-Based ISE 

Membranes 

 Log pot
JCs,K a 

Membrane Type Ca2+ Li+ Na+ K+ H+ NH4
+ Ag+ N(Pr)4

+ N(Bu)4
+ 

I (Fluorous) –4.4 –4.0 –3.8 –2.6 –2.3 –1.4 +1.4 +9.1 +11.4 

II (Chloropara-
ffin, KFPB) 

–0.7 –1.1 –1.0 –0.7 –0.3 –0.1 +1.2 +5.9 +6.9 

III (oNPOE, 
NaBArF104) 

–3.9 –3.7 –2.9 –1.1 –2.7 –1.4 –0.9 +4.8 +4.3 

IV (oNPOE, 
KClPB)          

–3.8 –3.7 –2.9 –1.1 –2.7 –1.3 –0.3 +5.5 +4.4 

a Error in measurements is ± 0.2 

 

2.6.2 Fluorous Ion-Exchanger as a Creatinine Sensor 

Creatinine (Fig. S1) is an end product of nitrogen metabolism. If the kidneys are 

functioning properly, they transport creatinine from the blood to the urine. Therefore, 

clinicians can measure creatinine levels in the urine as an indicator of renal function. 

Current methods for measuring creatininium are plagued by low selectivity, high cost, 

and limited stability of reactants/reagents. On the other hand, a potentiometric sensor 

selective for creatininium (the protonated form of creatinine) would be a low-cost 

alternative to the current methods available and would exhibit a much faster response 

time. 
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Figure S1. Creatinine and the protonated form, creatininium. 

 

Despite a significant amount of work87-94 by many researchers to develop a highly 

selective receptor for creatinine/creatininium, it was recently discovered that so far a 

receptor-free sensor membrane provides the best selectivities of any potentiometric 

sensor. The receptor-free sensor relies on the hydrophobic nature of creatininium relative 

to interfering ions to provide its high selectivity. Therefore, very hydrophobic, nonpolar, 

and non-coordinating membrane matrixes are the most desirable. It was found that 

chloroparaffin, a polychlorinated hydrocarbon plasticizer, provided the best selectivities 

of all the plasticizers tested in a PVC membrane.22 Unfortunately, the resulting receptor-

free sensor was prone to a significant amount of drift and loss of selectivity upon 

exposure to urine, rendering it inadequate for clinical measurements of creatinine. The 

drift was shown to be caused by the extraction of lipophilic compounds (from the urine 

samples) into the membrane, where they interfere with ideal sensor functioning.  

In this section of the supporting information, the fluorous electrodes described 

earlier are investigated for their effectiveness as creatininium sensors. The fluorous 

cation-exchanger ISE should be expected to show similar (or enhanced) selectivities as 

the chloroparaffin sensor while simultaneously reducing the extraction of nonionic 

interferents. Here, the selectivities of the sensor are presented along with a preliminary 

attempt to measure creatininium in the presence of cholic acid, a typical nonionic 

interferent found in urine. In future work, the vulnerability of the sensor to electrically 

neutral interferents will be more fully examined. 
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2.6.2.1 Experimental 

In order to protonate most of the creatinine in the sample, a 10 mM acetate buffer 

(9 mM acetic acid, 0.5 mM Mg acetate) was added to all sample solutions, setting the pH 

to 3.8. The inner filling solution contained an identical acetate buffer in addition to 1 mM 

creatinine and 1 mM LiCl. Before measurement, the electrodes were conditioned in a 

solution containing the same 10 mM acetate buffer along with 10 mM creatinine. 

Fluorous ISE construction and selectivity measurements were performed in the same 

manner as described earlier. 

 

2.6.2.2 Results and Discussion 

Table S2 shows the creatininium selectivities measured with a fluorous electrode 

along with the selectivities of the chloroparaffin/PVC cation-exchanger electrode.22 

Unexpectedly, the fluorous electrode selectivities for creatininium are slightly worse than 

those of the chloroparaffin/PVC sensor. However, these selectivities still seem high 

enough for measurement in urine, as it typically contains ~13 mM creatinine, 160 mM 

Na+, 35 mM NH4
+, and 60 mM K+.  

An attempt was also made to measure the selectivities of the fluorous ISE in the 

presence of 80 µM cholic acid. However, in preliminary tests, a Nernstian slope could not 

be achieved in this system. 

 

Table S2. Potentiometrically Determined Logarithmic Selectivity Coefficients, log 

pot
Jum,creatininiK , Referenced to Creatininium for Fluorous and Chloroparaffin/PVC Ion 

Exchanger Membranes 

 Log pot
Jum,creatininiK a 

Membrane Type NH4
+ K+ Na+ 

Fluorous +2.5 +2.7 +3.9 

Chloroparaffin/PVC
22 +2.9 +3.1 +4.1 

a Error in measurements is ± 0.2 
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2.6.2.3 Conclusions 

While the chloroparaffin/PVC and fluorous ISEs showed adequate selectivities 

for measurement of creatininium in clinically relevant ionic backgrounds, the 

chloroparaffin/PVC ISEs showed strong interference from lipophilic compounds in 

urine, making them unusable for routine measurement of creatininium in urine. On the 

other hand, if the fluorous membranes exhibit decreased sensitivity to nonionic 

interferents, they could prove to be a valuable alternative to the current assays used for 

measuring creatinine. 
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Coordinative Properties of Highly Fluorinated Solvents 

with Amino and Ether Groups 
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3.1 Abstract 

 

 

 

In spite of the widespread use of perfluorinated solvents with amino and ether 

groups in a variety of application fields, the coordinative properties of these compounds 

are poorly known. It is generally assumed that the electron withdrawing perfluorinated 

moieties render these functional groups rather inert, but little is known quantitatively 

about the extent of their inertness. This chapter reports on the interactions between 

inorganic monocations and perfluorotripentylamine and 2H-perfluoro-5,8,11-trimethyl-

3,6,9,12-tetraoxapentadecane, as determined with fluorous liquid-membrane cation-

selective electrodes doped with tetrakis[3,5-bis(perfluorohexyl)phenyl]borate salts. The 

amine does not undergo measurable association with any ion tested, and its formal pKa is 

shown to be smaller than –0.5. This is consistent with the nearly planar structure of the 

amine at its nitrogen center, as obtained with density functional theory calculations. The 

tetraether interacts very weakly with Na+ and Li+. Assuming 1:1 stoichiometry, formal 

association constants were determined to be 2.3 and 1.5 M-1, respectively. This disproves 

an earlier proposition that the Lewis base character in such compounds may be non-

existent. Due to the extremely low polarity of fluorous solvents and the resulting high 

extent of ion pair formation, a fluorophilic electrolyte salt with perfluoroalkyl 

substituents on both the cation and the anion had to be developed for these experiments. 

In its pure form, this first fluorophilic electrolyte salt is an ionic liquid with a glass 

transition temperature, Tg, of -18.5 ºC. Interestingly, the molar conductivity of solutions 

of this salt increases very steeply in the high concentration range, making it a particularly 

effective electrolyte salt. 
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3.2 Introduction 

There are currently a wide range of fluorous solvents readily available. Some of 

the more commonly used compounds include perfluorinated alkanes, cycloalkanes, 

trialkylamines, butyltetrahydrofuran, and an array of perfluoropolyethers. These and 

other fluorous materials are used in a wide variety of industrial and academic 

applications, such as for drug delivery,95 fluorous biphasic catalysis,65,96,97 

microfluidics,98 organic synthesis,99,100 fuel cell research,101 battery technology,102 

lubricant technology,103 or heat transfer applications.104 Moreover, there are several 

amorphous perfluoropolymers with a variety of uses, such as for fiber optical cables, 

contact lenses and other optical materials.66,105-108 Although one would expect that 

binding of ions and polar compounds to the amino and ether groups in some of these 

fluorous materials is greatly diminished by the strongly electron-withdrawing nature of 

the neighboring perfluorinated moieties,63,65,97,109,110 very little is known about such 

interactions. 

Most of the available literature focuses on highly fluorinated but not 

perfluorinated compounds. For example, a pKa of 5.7 was observed for 2,2,2-

trifluoroethylamine,111 which is five units lower than for the corresponding non-

fluorinated compound. For a diamine in which the two secondary amines have a 

CH2(CF2)3 and a CH2(CF2)CF3 substituent, the pKa was reported to be too low to be 

measurable by titration in aqueous solution.112 The two methylene groups separating the 

trifluoromethyl group from the amino group in 3,3,3-trifluoropropylamine already affect 

the pKa much less (pKa 8.7),111 and ab initio calculations of proton affinities of primary 

amines with tri-, tetra-, and pentamethylene spacers imply that the trimethylene spacer is 

quite efficient at reducing the electron withdrawing effect of a perfluoroalkyl 

substituent.63 Relative basicities in CDCl3 are known for trialkylamines with the general 

structure N[(CH2)nRfm], where Rfm represents a perfluoroalkyl substituent and n takes a 

value between 3 and 5.64 One of the few reported qualitative observations regarding 

perfluorinated compounds states that perfluoro(tert-butylamine), which has an amino 

group with only one fluorinated substituent, gives a crystalline sulfate when treated with 

small amounts of sulfuric acid, but separates again on slight dilution of the solution.110 
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Also, the hydrochloride of this salt is formed in concentrated hydrochloric acid.64 

However, while the amino groups of perfluorinated trialkylamines are generally assumed 

to be inert, quantitative information is very sparse. Arguably, the most informative result 

described in the literature is the π* value of solvent dipolarity/polarizability for 

perfluorotributylamine of –0.36, as measured with solvatochromic dyes.37,113 A 

comparison with the π* values of perfluorooctane (–0.41), perfluoroheptane (–0.39), and 

perfluorodimethyldecalin (–0.33) clearly shows that perfluorotributylamine shares with 

these pure perfluorocarbons an extremely low polarity. Since several of the 

solvatochromic test dyes are potential hydrogen bond donors, this low π* value suggests 

that perfluorotributylamine is a weak base at most. 

The reported information about the coordinative properties of perfluoroethers is 

just as sparse as that about perfluorinated amines. While partially fluorinated crown 

ethers and cryptands are well known to form complexes with alkali and alkaline earth 

metal cations114 as well as anions such as fluoride,115,116 gas phase studies have shown 

that perfluorinated crown ethers and cryptands can bind O2
– and F–.117 However, it has 

been speculated that, due to the strong electron withdrawing effect of the CF2 groups, the 

base character in perfluorinated macrocycles may be nonexistent.117 In any case, a more 

quantitative knowledge of the role of amino and ether groups in perfluorinated materials 

is highly desirable considering the widespread use of these compounds.  

In the previous chapter, cation-selective electrodes1,2,4,68,69 were described that can 

be readily used to study the interaction of fluorous solvents with different cations.118 It 

was demonstrated that fluorous sensor membranes can be made from porous 

poly(tetrafluoroethylene) (PTFE) discs impregnated with a solution of a fluorophilic salt 

dissolved in a fluorous solvent. The cation selectivities exhibited by these fluorous 

membranes far exceed those of cation exchangers with conventional organic membrane 

materials. The selectivities of the fluorous receptor-free membranes spanned a range of 

nearly sixteen orders of magnitude, which is eight orders of magnitude larger than for the 

conventional organic membrane matrix, o-nitrophenyl octyl ether (oNPOE). The high 

selectivity found in fluorous membranes is a result of the lack of solvation of ions 
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dissolved in fluorous phases, which is further illustrated by the high ion-pair association 

constants measured in this system.118 

While we and others66 are developing a perfluoropolymer systems with higher 

mechanical strength for analytical applications, the fluorous supported liquid phases 

remain convenient to characterize sensor systems without the possible complications 

resulting from the introduction of a perfluoropolymer, such as an effect of functional 

groups of the polymer on membrane selectivities. Most important for this chapter, these 

fluorous supported liquid phases are ideal to study the coordinative properties of fluorous 

solvents and other fluorous compounds with potentially coordinating groups. In this 

chapter, we report on the interactions between inorganic monocations and the fluorous 

solvents perfluorotripentylamine (PFTPA) and 2H-perfluoro-5,8,11-trimethyl-3,6,9,12-

tetraoxapentadecane (tetraether). To perform some of the potentiometric experiments, a 

fluorophilic electrolyte salt with perfluoroalkyl substituents on both the cation and the 

anion was developed. Its properties as an ionic liquid are discussed, and its effect on 

membrane conductivities is described. An upper limit for the pKa value of the amine is 

reported and discussed in view of the molecular structures of perfluorinated 

trialkylamines, as obtained with density functional theory calculations. Also, binding of 

Na+ and Li+ to the highly fluorinated tetraether is discussed. 

 

3.3 Experimental 

3.3.1 Reagents 

Reagents of the highest commercially available grade were used. Deionized and 

charcoal-treated water (18.2 MΩ-cm specific resistance) obtained with a Milli-Q PLUS 

reagent-grade water system (Millipore, Bedford, MA, USA) was used for all sample 

solutions. The fluorous solvents (see Fig. 3) PFPHP (density, 2.030 g/L), tetraether 

(1.723 g/L), PFTPA (1.94 g/L), and PFD (1.941 g/L) were purchased from Alfa Aesar 

(Ward Hill, MA) and were used as received. All fluorous solvents but PFTPA are 

mixtures of multiple isomers and show complicated 19F NMR spectra. However, 1H 

NMR spectra confirmed that none of these fluorous solvents contained significant 

concentrations of hydrogenated impurities. Sodium tetrakis[3,5-
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bis(perfluorohexyl)phenyl]borate118 and [CF3(CF2)7(CH2)3]3N were prepared according to 

a previously described procedure.64,118 The solubility of NaBArF104 in fluorous solvents 

was determined by 1H NMR spectrometry. The salt {[CF3(CF2)7(CH2)3]3CH3N
+} 

CH3OSO3
- was prepared according to a literature procedure119 from [CF3(CF2)7(CH2)3]3N 

and dimethyl sulfate. 

 

3.3.2 Synthesis  

3.3.2.1 Synthesis of tris[perfluoro(octyl)propyl]methylammonium tetrakis[3,5-

bis(perfluorohexyl)phenyl]borate (NR3CH3BArF104): 

The fluorophilic electrolyte salt NR3CH3BArF104 was prepared by metathesis 

from {[CF3(CF2)7(CH2)3]3CH3N
+}CH3OSO3

- and sodium tetrakis[3,5-

bis(perfluorohexyl)phenyl]borate (see Fig. 2), NaBArF104, in a water/benzotrifluoride 

system with a slight stoichiometric excess of {[CF3(CF2)7(CH2)3]3CH3N
+}CH3OSO3

-. 

After collection of the benzotrifluoride layer, filtration, and drying in the vacuum for one 

week at rt, NR3CH3BArF104 was obtained as a viscous, sticky oil with a faint yellow tint. 

π* value of solvent dipolarity/polarizability, as determined with 4-nitroanisole as 

solvatochromic dye:37,113,120,121 1.46 ± 0.03. 1H NMR (300 MHz, acetone-d6, δ): 7.72 (s, 

8H, Aro H), 7.60 (s, 4H, Arp H), 3.97 (m, 6H, NCH2), 3.58 (s, 3H, NCH3), 2.4–2.7 (m, 

12H, NCH2CH2CH2). 
19F NMR (300 MHz, acetone-d6, δ relative to CFCl3): -82.3 (t, J = 

10.4 Hz, N(CH2)3(CF2)7 CF3, 9F), -82.6 (t, J = 10.6 Hz, Arm (CF2)5CF3, 24F), -112.2 (t, J 

= 15.2 Hz, Arm CF2, 16F), -115.0 (m, 6F, N(CH2)3CF2), –122.7 to –123.3 (m, 34F, Arm 

CF2CF2CF2, N(CH2)3CF2CF2CF2CF2CF2), -123.9 (m, 22F, Arm (CF2)3CF2, 

N(CH2)3(CF2)5CF2), -124.2 (m, 16F, Arm CF2CF2), -124.6 (m, 6F, N(CH2)3CF2CF2), -

127.3 (m, 6F, N(CH2)3(CF2)6CF2), -127.7 (m, 16F, Arm (CF2)4CF2). Anal. cald. for 

C106H33BF155N: C, 29.77; H, 0.78; N, 0.33. Found: C, 29.90; H, 0.74; N, 0.46. 

 

3.3.3 Membranes 

Mitex™ membrane filters, made of pure poly(tetrafluoroethylene) (PTFE, 13 mm 

diameter, 10 µm pore size, 125 µm thick, 68% porosity) and Fluoropore™ membrane 

filters (pure PTFE, 47 mm diameter, 0.45 µm pore size, 50 µm thick, 85% porosity) were 
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obtained from Millipore. A hole punch was used to cut 13 mm diameter discs out of the 

larger Fluoropore™ membrane filters. Supported liquid phases were prepared by 

impregnating the porous membrane filters with the desired solutions. In the case of the 

membranes with the Fluoropore™ support, two membrane filters were layered on top of 

each other for all selectivity measurements except when measuring selectivity for 

N(Bu)4
+ and N(Pr)4

+, for which 4 membranes were layered on top of each other. Fluorous 

solution was added to the surface of the membrane filter until it looked glossy, which 

usually required 12–18 µL per membrane filter. 

 

3.3.4 Electrodes 

The fluorous membranes prepared in this way were mounted into custom-

machined electrode bodies made from poly(chlorotrifluoroethylene) and were 

mechanically sealed around the perimeter, leaving an exposed region 8.3 mm in diameter.  

The electrode bodies were equipped with an inner Ag/AgCl reference and internally filled 

with a 1 mM solution of the primary ion chloride. An electrochemical cell was obtained 

by immersion of the thus fabricated electrode and an external reference electrode of the 

double junction type (DX200, Mettler Toledo, Switzerland; 3M KCl as inner solution and 

3M KCl as bridge electrolyte) into the sample solution. All electrodes were conditioned 

in a 100 mM solution of the primary ion chloride for 2–3 hours prior to measurement. 

 

3.3.5 Conductimetry/Resistance Measurements 

The same experimental setup as for potentiometry was also used for 

conductimetry, allowing the PTFE support and electrode body to define the conductivity 

cell dimensions. All DC conductivities were determined in a Faraday cage with an EMF 

16 potentiometer using the method of potential reduction by a known shunt,26,73 using the 

same type of 1.0 GΩ resistors (±0.01 GΩ, 2.5 W, Digi-Key, Thief River Falls, MN) as in 

our previous work.118
 

 

3.3.6 Impedance Measurements 

 All impedance measurements were performed with a Solartron SI 1287 

Electrochemical Interface (Solartron Analytical, Farnborough, Hampshire, UK) 
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configured for two-electrode measurements. Due to the high resistance of the membranes 

in the cells, the amplitude of the AC signal was set to 1.0 V. Smaller applied AC 

potentials showed no significant difference except when membrane resistances became 

sufficiently high to cause erratic readings from the instrument.  A four-electrode setup 

was also tested with similar cells but yielded no significant difference. All measurements 

were performed with the same electrode setup as for the potentiometric measurements, 

except that the reference electrode was an Ag/AgCl reference with a surface area of 13 

cm2 immersed directly into the sample solution. KCl solutions (10 mM) were used as the 

internal filling and sample solutions for all measurements. 

The dielectric constant of perfluoro(perhydrophenanthrene) was measured with an 

AH 2500A 1 kHz Ultra-Precision Capacitance Bridge (Andeen-Hagerling, Cleveland 

OH) with a 350G Closed Electrode Cell (Dielectric Products, Watertown MA). 

 

3.3.7 Differential Scanning Calorimetry 

The Tg of NR3CH3BArF104 was determined using a Q1000 Thermal Analyzer 

(TA Instruments, New Castle, Delaware). The sample was allowed to thermally 

equilibrate at 25 ºC for 5 min, warmed to 40 ºC at a rate of 10 ºC/min, allowed to 

equilibrate for 5 min, cooled to -100 ºC at a rate of 20 ºC/min, allowed to equilibrate for 5 

min, and then warmed to 25 ºC at a rate of 10 ºC/min. The Tg was calculated from the 

observed heat flow profile during the final temperature ramp. 

 

3.3.8 Computational Details 

Quantum-mechanical geometry optimizations were performed on all three 

molecules using the Gaussian03 software package (Gaussian, Wallingford, CT) on a 364-

processor IBM SP system at the Minnesota Supercomputing Institute and an Alienware 

MJ-12 dual-CPU workstation running under the SuSE Linux Professional 9.3 operating 

system. Each optimization was done using the B3LYP density functional122 and the 6-

311+g(d,p) basis set, specifying an energy change convergence criterion of 1x10-6 

kcal/mol per iteration. Centroids were calculated using SYBYL 7.0 for Linux (Tripos, St. 
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Louis, MO) and the compounds were visualized in SPARTAN ‘02 Linux/Unix 

(Wavefunction, Irvine, CA). 

 

3.4 Results and Discussion 

 

 

Figure 1. Schematic of a cation-selective electrode based on a fluorous liquid phase 

supported by an inert porous support. 

 

The fluorous liquid-membrane cation-selective electrodes used in this study (Fig. 

1) were prepared from porous PTFE discs impregnated with a solution of the fluorophilic 

salt (Fig. 2) sodium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate, NaBArF104, in a 

fluorous solvent. In our first report on this type of sensor,118 the fluorous solvent 

perfluoro(perhydrophenanthrene), PFPHP, was used because its pour point (-20 ºC) is 

below room temperature, and because its boiling point (215 ºC) is high enough to prevent 

evaporation during experiments. Linear perfluorinated alkanes have ranges between their 

melting and boiling points that are too narrow to be useful, and branched perfluorinated 

alkanes are not readily available. In this study, 2H-perfluoro-5,8,11-trimethyl-3,6,9,12-

tetraoxapentadecane (tetraether), perfluorotripentylamine (PFTPA), and 

perfluorodecalin (PFD) were used as alternative fluorous solvents. Because of their 
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appropriate melting and boiling points, tetraether (mp, –115 ºC; bp, 192–195 ºC) and 

PFTPA (bp, 210–220 ºC) were utilized as representatives of fluorous solvents with 

amino and ether groups, respectively. The bicylic fluorocarbon PFD was used for control 

experiments. 

 

 

Figure 2. Structure of the fluorous anionic site, NaBArF104. 

 

 

Figure 3. Structures of the fluorous solvents used in this study: perfluoro(perhydro-

phenanthrene) (PFPHP), 2H-perfluoro-5,8,11-trimethyl-3,6,9,12-tetraoxapentadecane 

(tetraether), perfluorotripentylamine (PFTPA), and perfluorodecalin (PFD). 

 

The dielectric constants, ε, of PFPHP (2.03), PFTPA (1.98), and PFD (1.95)123 

all fall within a very narrow range, illustrating the very similar character of these 

solvents. However, these solvents do not dissolve the fluorophilic sodium 

tetraphenylborate derivative, NaBArF104, equally well. While the solubilities of 
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NaBArF104 in tetraether (0.91 mM) and the two fluorocarbons (PFPHP, 1.4 mM; PFD, 

1.1 mM) are very similar, the solubility of NaBArF104 in PFTPA is about one order of 

magnitude lower (0.074 mM). This difference may be explained by steric reasons, but a 

definite explanation eludes us. It has important consequences for the potentiometric 

properties of these fluorous membranes, though. To show this, inert support filters were 

impregnated with saturated solutions of NaBArF104 in the different fluorous solvents, the 

thus obtained membranes were conditioned in KCl solutions to permit for K+ vs Na+ ion 

exchange over several hours, and the electrical resistances of these membranes were 

determined. Not surprisingly, the resistance of the membranes based on PFTPA as 

solvent (1.1 x 104 MΩ) was found to be significantly higher than those of membranes 

prepared with either one of the two fluorocarbons (PFPHP, 1.7 x 103 MΩ; PFD, 4.0 x 

102 MΩ) or tetraether (3.0 x 101 MΩ).  

It was found that membranes with a resistance greater than 10 GΩ tended to have 

response times greater than 5 min, which compromised selectivity measurements. In 

many cases, by the time the membrane potential equilibrated, the cation initially present 

in the membrane had already exchanged with the interfering ion to such an extent that 

interfering ions had reached the interface between the fluorous membrane and the inner 

filling solution of the electrode (see Fig. 1). This could not be tolerated since the 

potentiometric response under such circumstances is not governed exclusively by the 

phase boundary potential at the sample/membrane interface. To solve this resistance 

problem for this study and in view of the development of chemical sensors, we 

synthesized the first fluorous electrolyte, NR3CH3BArF104. While we did not test higher 

concentrations, NR3CH3BArF104 is soluble in perfluorohexanes, perfluoro(perhydro-

phenanthrene), and perfluorotripentylamine at concentrations up to 10 mM. Indeed, to the 

best of our knowledge, at the time this salt was synthesized it had the highest solubility in 

perfluorocarbons of any salt described in the literature (see Chapters 6 and 8 for two 

more highly fluorous electrolyte salts). 

Interestingly, the pure electrolyte salt NR3CH3BArF104 is an ionic liquid.124 At 

low temperatures, it does not crystallize but undergoes a transition into a glass. Using 
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differential scanning calorimetry (DSC), the glass transition temperature, Tg, was 

determined to be -18.5 °C.  

 

 

Figure 4. The new fluorous electrolyte salt, tris[perfluoro(octyl)propyl]methyl-

ammonium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate (NR3CH3BArF104). 

 

As expected, the addition of electrolyte salt NR3CH3BArF104 (10 mM) to 

supported fluorous liquid phases lowered their electrical resistances significantly. 

Membranes prepared from PFPHP or from PFTPA exhibited approximately hundred-

fold decreases in resistance (PFPHP doped with 1.0 mM NaBArF104 and 10 mM 

NR3CH3BArF104: 2.3 x 101 MΩ; PFTPA doped with 1.0 mM NaBArF104 and 10 mM 

NR3CH3BArF104: 5.9 MΩ). 

The impedance spectra of membrane filters impregnated with a 10 mM solution 

of electrolyte salt NR3CH3BArF104 in PFPHP provided unanticipated results (Fig. 5). 

When Mitex™ filters were used as the solid support,118 the resulting impedance plane 

plots exhibited a shape resembling—but not perfectly fitting—what would be expected 

for two equivalent RC circuits in series (Fig 5a). Similar plots have been described 

elsewhere125 and were attributed to an inhomogeneity in the size of pores of the filter 

support. In contrast, impedance plane plots of Fluoropore™ filters impregnated with the 

same solution showed the expected single semicircle resulting from the bulk resistance 

and capacitance (Fig. 5b). Moreover, selectivity measurements performed with 

Fluoropore™ filters showed a somewhat larger selectivity for tetraalkylammonium 

cations than Mitex™ filters, suggesting more than architectural differences between the 
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filter types. For these reasons, the Fluoropore™ filters were used for all data reported 

here (in Chapter 3) and through the rest of the work presented in this dissertation.  

 

 

Figure 5. Impedance plane plots of a Mitex™ membrane (a) and a Fluoropore™ 

membrane (b) impregnated with a solution of electrolyte salt NR3CH3BArF104 (10 mM) 

in PFPHP. Dotted line: fit with one RC equivalent circuit. Solid line: fit with two RC 

circuits in series. 

 

In an attempt to determine the ion-pair formation constant of electrolyte salt 

NR3CH3BArF104 in PFPHP, the conductivity was determined as a function of the 

electrolyte salt concentration. In the lower concentration range, a decrease in molar 

conductivity is observed as the concentration of NR3CH3BArF104 increases (Fig. 6). 

Indeed, this is expected when the ratio of ions forming ion pairs increases with the 

electrolyte concentration. However, Fig. 6 also shows that, as the electrolyte 

concentration increases further, the conductivity increases seemingly exponentially and 

much faster than predicted by the Fuoss-Kraus theory.76,82,83 This unusually steep 

increase may be the result of the formation of large ion aggregates and ion-hopping, as it 

has been observed with certain other electrolyte solutions in media of low dielectric 

constant.126 In future work from the Bühlmann group, this phenomenon will be probed 
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further. At this point, it suffices to say that NR3CH3BArF104 is an excellent electrolyte 

salt for fluorous solvents. 

 

 

Figure 6. Plot of molar conductivity vs. concentration of electrolyte salt 

NR3CH3BArF104 in PFPHP.  

 

The potentiometric selectivities of five different types of cation-selective 

membranes based on four different fluorous solvents are shown in Table 1. The Cs+ ion 

serves as the common reference point. To enable an unbiased evaluation of membranes 

based on PFTPA, which could only be used in combination with 10 mM 

NR3CH3BArF104 (see above), the selectivities of membranes based on PFPHP were 

determined with and without electrolyte salt. A comparison of the selectivities of the two 

membrane types based on PFPHP shows that the effect of the electrolyte salt on the high 

preference for tetraalkylammonium cations is small, while the effect on the selectivities 

over the smaller alkali metal cations is somewhat more pronounced. In view of the 

extremely strong ion pair formation in fluorous phases,118 this is not very surprising. 

Evidently, the 10 mM excess of anions in the membranes with electrolyte favors ion pair 

formation with the small alkali metal cations disproportionately.  
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Table 1. Potentiometrically Determined Logarithmic Selectivity Coefficients, logKCs,J
pot , of 

Fluorous Liquid-Membrane Cation-Selective Electrodes, Referenced to Cs+. 

a Largest error in any one measurement is ± 0.4. 
b Electrolyte is NR3CH3BArF104. 

 

Not only the previously reported membranes based on PFPHP,118 but also all four 

new membrane formulations exhibit selectivities that span a remarkably wide range of at 

least 16 orders of magnitude. Despite the possibility of specific interactions between the 

cations and two of the fluorous solvents (see below), the order of selectivities follows the 

Hofmeister series for all membranes, which agrees with the free energies of hydration of 

the cations.1,127 As shown in the following, the adaptation of the phase boundary potential 

model for the response of potentiometric sensors1,5 makes it possible to use these 

experimentally observed potentiometric selectivities to quantify specific interactions of 

small cations with fluorous solvents, both in macroscopic and molecular terms. 

Single ion distribution coefficients11 describing the distribution of an ion i 

between a fluorous reference phase lacking any coordinating group and a phase 

consisting of a fluorous solvent with coordinating groups can be derived using the 

electrochemical potentials, refi,µ
~  and coi,µ

~ , of this ion in the two respective phases: 

( ) refi,refi,
o

refi,refi, zFln RTµµ~ Φa ++=              (1a) 

( ) coi,coi,
o

coi,coi, zFln RTµµ~ Φa ++=            (1b) 

membrane composition logKCs,J
pot a  

solvent [NaBArF104] 

(mM) 
[electrolyteb

] 

(mM) 
N(Bu)4

+ N(Pr)4
+ NH4

+ H+ K+ Na+ Li+ 

PFPHP 1.4 – +13.1 +11.1 –1.96 –2.35 –2.51 –3.87 –3.92 

PFPHP 1.0 10 +13.2 +11.4 –1.62 –1.87 –2.03 –3.17 –3.33 

PFTPA 1.0 10 +13.2 +11.5 –1.49 –1.87 –1.89 –2.79 –3.10 

tetraether 0.91 – +13.4 +11.6 –1.40 –1.81 –1.85 –2.78 –2.99 

PFD 1.1 – +12.9 +11.4 –1.99 –2.60 –2.74 –3.83 –3.95 
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where refi,Φ  and coi,Φ  are the electrical potentials and refi,a  and coi,a  are the ion activities 

in the respective phases, z is the charge of ion i, and R and T have their usual meanings. 

The two fluorous phases cannot be equilibrated with one another by direct contact since 

they are miscible with one another. However, the two fluorous phases could be separated 

by an aqueous phase containing the ion i, permitting each fluorous phase to get into 

equilibrium with the aqueous phase. Thereby, equilibration of the two fluorous phases 

with respect to ion i may be achieved without them having to contact one another 

directly. For two fluorous phases that are in such an equilibrium, refi,µ
~  equals coi,µ

~ , and it 

can be shown from equations 1a and 1b that 

( )coi,refi,
coi,

refi,o
co/refi,

o
refi,

o
coi, zFln RT∆µµµ ΦΦ

a

a
−+













==−                (2) 

The ion activities are related to the total concentrations, refi,c  and coi,c , in the 

respective phases by their activity coefficients, refi,γ  and coi,γ . Since electroneutrality 

requires that the total concentration of anionic sites, Rc , in each bulk phase must equal 

the total concentration of cations, equation 2 can be reformed to: 

( )coi,refi,
coR,coi,

refR,refi,o
co/refi, zF

cγ

cγ
ln RT∆µ ΦΦ −+













=           (3) 

Subtracting o
co/refi,∆µ  from a term o

co/refj,∆µ , formulated for two analogous fluorous phases 

with the same ion concentrations but the ion j with the same charge as ion i, gives: 

( )coi,refi,coj,refj,
coj,refi,

refj,coi,o
co/refi,

o
co/refj, zF

γγ

γγ
ln RT∆µ∆µ ΦΦΦΦ +−−+














=−    (4) 

The term refi,refj, ΦΦ −  equals ( ) refpot,
ji,lnzFRT K , where K i, j

pot,ref  is the 

potentiometric selectivity coefficient of the fluorous ion-exchanger membrane (for a 

proof, see Supplementary Information).1,5 In other words, it directly corresponds to the 

difference between the potentials measured once with that electrode immersed in a 

solution of ion j and once immersed in a solution of ion i of the same concentration. Since 

it follows analogously that coi,coj, ΦΦ −  equals ( ) copot,
ji,lnzFRT K , equation 4 can be 

reformed to  
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( )copot,
ji,

refpot,
ji,

coj,refi,

refj,coi,o
co/refi,

o
co/refj, lnlnRT

γγ

γγ
ln RT∆µ∆µ KK −+














=−           (5) 

Therefore, the equilibrium constant describing the exchange of the two ions i and 

j between the two fluorous phases is given by: 

( )[ ]
refpot,

ji,coi,refj,

copot,
ji,refi,coj,o

co/refi,
o

co/refj,
o

γγ

γγ
TR∆µ∆µExp

K

K
K =−−=      (6) 

Inclusion of the activity coefficients in the constant term gives the logarithm of 

the formal ion exchange constant, K, as: 

logK =logK i, j
pot,co − logK i, j

pot,ref                                 (7) 

For an ion i that does not interact specifically with either of the two fluorous 

solvents, 0∆µ o
co/refi, ≈  and refi,coi, γγ ≈ . Under these circumstances, oK  as defined by 

equation 6 is identical with the so-called single ion distribution coefficient, k j
o , of ion j, 

and K is identical with the corresponding formal single ion distribution coefficient, k j . 

Because of its large size and bulky structure, the tetrabutylammonium ion is assumed in 

the following to be such an ion that does not interact specifically with the solvent. Table 

2 shows the resulting logk j  values for all ions measured in this work. Note that the logk j  

values for N(Bu)4
+ are 0.00 as a consequence of our assumption that this ion does not 

interact specifically with the solvent. In this respect, the approach used here resembles 

the determination of ionophore complexation constants from the potentiometric responses 

of ion-selective electrodes to target ions and ions that may be assumed to undergo no 

specific interaction with the ionophore.128 

Consideration of the electrolyte-free PFPHP phase as the reference phase and the 

PFD phase as the potentially specifically coordinating phase gives only very small values 

for logk j . The average logk j for all considered ions is 0.17, and the standard deviation is 

0.18, which corresponds in non-logarithmic terms to single ion distribution coefficients 

between 1.0 and 2.3. Since PFD is—like PFPHP—a perfluorocarbon without any 

heteroatoms, this lack of evidence for specific ion–solvent interaction is reassuring. The 

data suggest that the combined experimental and systematic error pertaining to these 

selectivity coefficients is no more than 0.4. 
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Table 2. Potentiometrically Determined Logarithmic Single Ion Distribution 

Coefficients, logk j , Characterizing Distribution Between 

Perfluoro(perhydrophenanthrene) Membranes and Three Other Fluorous Solvents. 

membrane composition logk j
a 

solvent [NaBArF104] 

(mM) 
[electrolytea

] 

(mM) 
N(Bu)4

+ N(Pr)4
+ NH4

+ H+ Cs+ K+ Na+ Li+ 

4
c
 1.0 10 0.00 d +0.10 +0.13 0.00 0.00 +0.14 +0.38 +0.23 

3
d
 0.91 – 0.00 d +0.20 +0.26 +0.24 –0.30 +0.36 +0.79 +0.63 

5
e
 1.1 – 0.00 d +0.50 +0.17 –0.05 +0.20 –0.03 +0.24 +0.17 

a Largest error in any one measurement is ± 0.4. 
b Electrolyte is NR3CH3BArF104. 
c Reference membrane contains same concentration of NR3CH3BArF104. 
d Reference membrane contains no electrolyte.  

e Assumption. 

 

Interestingly, there is equally little evidence for specific interactions between 

cations and PFTPA. Values for k j obtained from the selectivity data for PFTPA and 

PFPHP phases (both with electrolyte salt) are just as small as those for the PFD phase. 

The mean of 0.12 and standard deviation of 0.13 is well within the experimental error.  

In contrast, there is evidence for specific interactions in the case of the highly 

fluorinated tetraether. While Table 2 shows that the larger ions Cs+, K+, and NH4
+ as 

well as H+ do not interact significantly with the solvent, the smaller ions Na+ and Li+ 

interact weakly with tetraether ( 4.12.6Na ±=K  and 0.13.4Li ±=K ). 

The above discussion has the advantage that it does not rely on any assumptions 

regarding the type of the interaction between the fluorous solvent and the cations, but it 

does not provide for an understanding of the ion–solvent interaction at the molecular 

level. For this purpose, it will be assumed in the following that the ion–solvent interaction 

occurs with a 1:1 complex stoichiometry: 

j+ + L ⇔ jL+  
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where L represents the solvent, j the cation, and jL+ their complex. Indeed, in view of the 

extremely weak interactions described above, 1:2 complexes with a significant stability 

seem unlikely. The association constant for the 1:1 complex can be formulated as 

follows: 

K jL =
a jL

aj L[ ]
               (8) 

This equation can be rewritten using the activity coefficients of the ion and complex, and 

considering that the complex and free ion concentration add up to the total concentration 

of j: 

( )
[ ]

( )
[ ]Lγ

1ccγ

Lcγ

ccγ

j

jjtotjL

jj

jjtotjL
jL

−
=

−
=K                 (9) 

Since the concentration of the solvent is more than three orders of magnitude 

larger than the concentration of the cation, j, it can be considered to be constant. The 

concentration terms can again be obtained from the potentiometric selectivities. As 

discussed elsewhere,1,5 and in analogy with equation 2, a potentiometric sensor with a 

fluorous membrane will respond to an aqueous solution of ion j as follows:  














+=

memj,

aqj,

j

o

c
ln

Fz
RT

E∆E
a

               (10) 

where aj,aq  is the activity of ion j in the aqueous sample, memj,c  is the concentration of the 

free ion j in the membrane, and oE  is a constant characteristic for the ion j and the 

electrochemical cell. It follows that the difference between the potentials measured with a 

specifically interacting fluorous membrane and a reference membrane is directly 

proportional to ( )coj,refj, ccln . It can be shown that: 

refpot,
ji,

copot,
ji,coj,refj, cc KK=         (11) 

The proof for equation 11 resembles the deduction of equation 5 given above (see 

Supplementary Information). Since jtotc  equals refj,c , the right hand side of this equation 

may be inserted into equation 9, which gives—after inclusion of the activity coefficients 

into the constant term—a formal complexation constant: 
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[ ]L

1refpot,
ji,

copot,
ji,'

jL

−
=

KK
K          (12) 

Applying equation 12 to the sodium ion and the tetraether membrane gives a 

formal complexation constant of 2.3±0.8 M-1. Solving equation 9 for the concentrations 

shows that 83% of all sodium ions in a tetraether membrane are interacting with a 

solvent molecule, while 17% show no specific interaction with the solvent. Analogously, 

a binding constant of 1.5±0.6 M-1 and a percentage of 77% specifically interacting ions 

are obtained for lithium. While these formal complexation constants are small, t tests 

show for both ions that the interactions are significant even at the 99.5% confidence 

level. 

In view of the more than thousand-fold excess of solvent molecules over cations, 

the high percentages of cations that do not interact specifically with the fluorous solvent 

molecules are quite impressive and demonstrate that tetraether molecules have a finite 

but only very low tendency to interact with cations. This can be explained by the strong 

electron withdrawing nature of the many fluorine atoms. While the literature does not 

contain values for cation binding by a non-fluorinated analogue of tetraether under 

matching conditions, the binding constant of 2.74 x 104 M-1 for Li+ binding to triethylene 

glycol dimethyl ether in 199:1 toluene–tetrahydrofuran illustrates the much stronger 

affinity of non-fluorinated polyethers for alkali metal ions.129 In the absence of further 

experimental data, it is unclear whether the one single hydrogen atom of tetraether has 

any appreciable effect on the stability of its cation complexes. We will further investigate 

how different numbers of fluorine atoms affect the shape and population of molecular 

orbitals and cation binding of perfluorinated ethers using experimental and computational 

means. 

A value for the formal pKa of perfluorotripentylamine (PFTPA) using equation 

12 cannot be determined since, within experimental error, an experimental difference 

between the selectivity coefficients for PFPHP and PFTPA is not observed. However, 

assuming that the maximum combined systematic and experimental error of the 

selectivity coefficients (see above) may be as high as 0.4, it can be concluded from 

equation 12 that the formal pKa of PFTPA is lower than -0.5. To the best of our 
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knowledge, this is the most quantitative assessment of the basicity of any perfluorinated 

trialkylamine to date. 

The extremely low basicity of PFTPA determined in these potentiometric 

experiments is also reflected by the geometries of three perfluorinated trialkylamines, as 

calculated quantum mechanically using the B3LYP density functional and the 6-

311+g(d,p) basis set. While the sp3 hybridization with its nonbonding electron pair results 

in a tetrahedral geometry at the nitrogen atom of typical trialkylamines, the geometry of 

perfluorinated trialkylamines at the nitrogen center is nearly perfectly flat. Even though 

nonafluorotrimethylamine has among all perfluorinated trialkylamines the least electron 

withdrawing substitutents on the nitrogen center, the three calculated CNC bond angles 

of 119.7º in this compound are extremely close to the theoretical value of 120º for a fully 

planar geometry. The nitrogen atom lies a mere 0.08 Å above the plane formed by its 

three neighboring carbon atoms (see Fig. 7). In contrast, calculated and experimental 

values for the CNC bond angles in trimethylamine are 111±1º,130 which is very close to 

the perfect tetrahedral angle of 109.5º. 

 

 

Figure 7. Calculated structures of nonafluorotrimethylamine (left hand side) and 

perfluorotriethylamine (right hand side), each molecule with a top and side view (top and 

bottom, respectively). 



 

 67 

 

With three calculated CNC bond angles of 116.6º and the nitrogen 0.28 Å above 

the plane formed by its neighboring carbons, the perfluorotriethylamine geometry is also 

very close to planarity, but not quite as flat as for nonafluorotrimethylamine (see Fig. 4). 

Similarly, the optimized structure of perfluorotripentylamine exhibits average CNC bond 

angles of 118.7º and a nitrogen 0.17 Å above the plane formed by its neighboring carbons 

(structure not shown). It appears likely that the deviation from planarity is in both cases 

the consequence of steric repulsion between the pentafluoroethyl groups. 

These results agree rather well with the interpretation of vibrational spectra,131 

which indicated a CNC bond angle for nonafluorotrimethylamine of 117.9º, and the gas 

electron diffraction spectra of perfluorotripropylamine, which are consistent with a CNC 

bond angle of 120.0º.132 Also, the nearly perfectly planar geometry of perfluorinated 

trialkylamines is consistent with their low dielectric constants (e.g., perfluorotripentyl-

amine, ε = 1.98), while a tetrahedral geometry would be expected to result in significant 

molecular dipoles incompatible with a low value for ε. 

 

3.5 Conclusions 

The results of this study show that perfluorinated trialkylamines have a basicity 

that is negligible under all but very special circumstances. Since the nearly perfectly 

planar geometry of these compounds at the nitrogen center also suggests a vanishing 

dipole moment, perfluorinated trialkylamines seem to be quite ideal inert fluorous 

solvents. In contrast, the coordinative properties of the highly fluorinated tetraether, 

though small, are significant enough to be recognized in potentiometric measurements 

with fluorous cation-exchanger membranes. This clearly disproves the earlier proposition 

that the Lewis base character of highly fluorinated ethers is non-existent.  However, the 

interactions are weak enough that they will hardly affect chemical sensors doped with 

strongly binding ionophores.  

The research described chapter also introduced the first, and at the time, only 

fluorophilic electrolyte salt currently capable of lowering bulk resistance in fluorous 

phases. This and similar salts will be very useful in later work with potentiometric 
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sensors based on receptor-doped fluorous membranes. The electrolyte salt may also find 

applications in other fields, such as in battery technology or fuel cell research. However, 

a more thorough understanding of the dependence of the molar conductivity of this salt 

on its concentration will be required. 
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3.6 Supporting Information 

3.6.1  Proof of  refi,refj, ΦΦ −  = ( ) refpot,
ji,lnzFRT K  

Equation 10 applied to an electrode based on the reference membrane responding to a 

solution A containing ion i gives 

refi,

aqi,o
refi,refi, c

ln
zF
RT

E∆E
a

+=       (S1) 

The response of the same electrode to a solution B containing ion j (with the same charge 

as ion i) at the same activity is given by 














+=

refj,

aqj,o
refj,refj, c

ln
zF
RT

E∆E
a

        (S2) 

Using a selectivity coefficient, the response of the same electrode can also be formulated 

as follows (note the change in the index i of the o
refi,E  and refi,c   terms): 
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refi,

aqj,refpot,
ji,

o
refi,refj, c

ln
zF
RT

E∆E
a

K             (S3) 

The difference between the electrode’s response to solution B and to solution A equals 

refi,refj, ΦΦ −  and can be obtained from equations S2 and S3: 

refi,

aqi,o
refi,

refi,

aqj,refpot,
ji,

o
refi,refi,refj,refi,refj, c

ln
zF
RT

E
c

ln
zF
RT

E∆E∆E
aa

KΦΦ −−












+=−=−     (S4) 

Since the activities of the ions in the two aqueous solutions are identical, this can be 

simplified to 

refpot,
ji,

refi,

aqi,

refi,

aqj,refpot,
ji,refi,refj, ln

zF
RT

c
ln

zF
RT

c
ln

zF
RT

K
aa

KΦΦ =−












=−         (S5) 

 

 

3.6.2 Proof of coi,refi, cc = refpot,
ji,

copot,
ji, KK  (Equation 11) 

Equation 10 applied to an electrode with a membrane based on a fluorous solvent with 

the ability to interact with cations and responding to solution A containing ion i gives 
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The response of the same electrode to solution B with ion j is given by 
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Using a selectivity coefficient, the response of the same electrode could also be 

formulated as follows: 
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The difference between the potentiometric responses of the two electrodes to solution B 

can be obtained from equations S2 and S7 to be 
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The same difference between the potentiometric responses of the two electrodes to 

solution B can also be obtained from equations S3 and S8: 
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Since the right hand side of equation S9 must be equal to the right hand side of equation 

S10, it follows that 
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Since for the non-coordinating ion i it is true that refi,coi, cc = , equation S11 can be further 

simplified to give the desired equation: 
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4.1 Abstract 

Ionophore-doped sensor membranes exhibit greater selectivities and wider 

measuring ranges when they are prepared with non-coordinating matrixes. Since fluorous 

phases are the least polar and least polarizable liquid phases known, a fluorous phase was 

used for this work as the membrane matrix for a series of ionophore-based sensors to 

explore the ultimate limit of selectivity. Fluorous pH electrode membranes, each 

comprised of perfluoro(perhydrophenanthrene), sodium tetrakis[3,5-bis(perfluorohexyl)-

phenyl]borate, and one of four fluorophilic H+-selective ionophores were prepared. All 

the ionophores are highly fluorinated trialkylamines containing three electron 

withdrawing perfluoroalkyl groups shielded from the central nitrogen by alkyl spacers of 

varying lengths: N[CH2(CF2)6CF3][(CH2)3(CF2)7CF3]2, N(CH2CF3)[(CH2)3(CF2)7CF3]2, 

N[(CH2)3(CF2)7CF3]3, and N[(CH2)5(CF2)7CF3]3. Their pKa values in the fluorous matrix 

are as high as 15.4 ± 0.3, and the corresponding electrodes exhibit logarithmic selectivity 

coefficients for H+ over K+ as low as < –12.8. The pKa and selectivity follow the trends 

expected from the degree of shielding and the length of the perfluoroalkyl chains of the 

ionophores. These electrodes were the first fluorous ionophore-based sensors described in 

the literature. The selectivities of the sensor containing N[(CH2)5(CF2)7CF3]3 are not only 

greater than those of analogous sensors with non-fluorous membranes but were of the 

same magnitude as the best ionophore-based pH sensors ever reported. 
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4.2 Introduction 

The polymer and, if present, the plasticizer make up the bulk of the sensing 

membrane of an ion-selective electrode1,2,4,68,69 (ISE) or optode and serve as the matrix in 

which the ionophore and ionic additives are dissolved. The chemical nature of this matrix 

has a large impact on the selectivity and measuring range.1,2,56 Matrixes with lower ion-

binding properties exhibit both greater selectivity and wider measuring ranges.56,118,133 In 

the case of ionophore-doped sensors, greater selectivities are the result of two 

independent effects. Interfering ions are discriminated more effectively the less they are 

solvated by the membrane matrix. Moreover, a weakly or even non-coordinating matrix 

offers little stabilization to the ionophore, resulting in more stable complexes of the 

ionophore and the targeted (primary) ion.56,133,134. However, while a stronger interaction 

between the ionophore and primary ions makes a sensor more selective, it does not 

necessarily increase the measuring range of the sensor.56,58 Greater selectivity improves 

the lower detection limit, but stronger binding of the target ion to the ionophore also 

favors Donnan failure135-137 due to co-extraction of the preferred ions along with counter-

ions into the sensing phase. Fortunately, the latter effect can be suppressed by use of a 

non-coordinating and poorly solvating matrix that increases the free energy of co-

extraction. Consequently, the greater ionophore stabilization and lesser counter-ion 

stabilization from the membrane matrix work against each other in determining the salt 

concentration at which Donnan failure occurs for a specific salt.56 
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Figure 1. Structure of the fluorous liquid matrix, PFPHP, and of the fluorophilic anionic 

site, NaBArF104. 

 

We wish to take the benefits of non-coordinating and poorly solvating membrane 

matrixes to the ultimate limit by using the least polar, least polarizable liquid phases 

known,61,109 i.e., fluorous phases. In the previous chapters, we showed greatly enhanced 

selectivity from ionophore-free ISEs made with fluorous matrixes.118,133 These fluorous 

ionophore-free sensing membranes showed much higher selectivities than organic 

sensing membranes and have great potential to reduce biofouling.21,23,138 In this work, we 

extend the fluorous ionophore-free sensor system, the selectivities of which are 

determined by the Hofmeister series, to include ionophores, imparting the ability to tune 

the selectivities. Most ionophores and ionic site salts that have been described in the 

literature are poorly soluble in fluorous phases. However, we showed previously that 

sodium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate (NaBArF104) has a high enough 

solubility in the fluorous phase perfluoro(perhydrophenanthrene) (PFPHP) to be used as 

an anionic site in a fluorous ionophore-free sensor (Fig. 1).118,133 In order to introduce an 

ionophore into this fluorous sensor system, a fluorophilic ionophore had to be used. Since 

one of the most selective conventional ionophores known is the H+-selective 

tridodecylamine,139,140 tertiary amines with perfluoroalkyl substituents were used in this 

study. Specifically, bis[(perfluorooctyl)propyl](perfluoroheptyl)methylamine 

(N(CH2Rf7)[(CH2)3Rf8]2), bis[(perfluorooctyl)propyl]-(2,2,2-trifluoroethyl)amine 
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(N(CH2CF3)[(CH2)3Rf8]2), tris[(perfluorooctyl)propyl]amine (N[(CH2)3Rf8]3), and 

tris[(perfluorooctyl)pentyl]amine (N[(CH2)5Rf8]3) were tested as fluorophilic ionophores 

(Fig. 2). 

 

 

Figure 2. Structures of the four fluorophilic H+ ionophores: bis[(perfluorooctyl)propyl]-

(perfluoroheptyl)methylamine (N(CH2Rf7)[(CH2)3Rf8]2), bis[(perfluorooctyl)propyl]-

(2,2,2-trifluoroethyl)amine (N(CH2CF3)[(CH2)3Rf8]2), tris[(perfluorooctyl)propyl]amine 

(N[(CH2)3Rf8]3), and tris[(perfluorooctyl)pentyl]amine (N[(CH2)5Rf8]3). 

 

These ionophores differ in the hydrocarbon spacers separating the perfluoroalkyl 

groups from the central functional group. The shielding characteristics of similar spacers 

have been studied in trialkylamines and trialkylphosphines.65,97,141,142 NMR, IR, 

photoelectron spectroscopy, calorimetric, and computational data were used to 

demonstrate the relationship between the length of the spacers and the degree of shielding 

experienced by the central heteroatom. However, the only pKa values that have been 

reported were pKa values in water for a set of fluorinated trialkylphosphines, as estimated 

from their enthalpies of protonation in trifluoromethylbenzene.97 To meet the needs for 

measurements of pKa values in fluorous phases, the fluorous ion-selective electrode 

system employed in this work is uniquely suited. Indeed, to the best of our knowledge, 

the only pKa values reported for any compounds dissolved in a fluorous phase were 

measured in our previous work using this system.133 
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Here, the selectivities and linear ranges of the four sensors were measured and 

compared to one another, and to those reported for tridodecylamine in conventional 

“organic” poly(vinyl chloride) (PVC) membranes plasticized with bis(2-ethylhexyl) 

sebacate (BEHS) and 2-nitrophenyl octyl ether (oNPOE). In addition, the pKa values of 

the fluorophilic trialkylamine ionophores dissolved in the fluorous sensor matrix were 

determined from the ion-pair association constants and potentiometric selectivities. 

 

4.3 Experimental 

4.3.1  Materials 

All reagents were of the highest commercially available purity. Sample solutions 

were prepared using deionized and charcoal-treated water (0.182 MΩ-m specific 

resistance) obtained from a Milli-Q PLUS reagent-grade water system (Millipore, 

Bedford, MA). Perfluoro(perhydrophenanthrene) (PFPHP) was used as received from 

Alfa Aesar (Ward Hill, MA). Sodium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate 

(NaBArF104),
118 tris[(perfluorooctyl)propyl]amine (N[(CH2)3Rf8]3),

63 tris[(perfluoro-

octyl)pentyl]amine (N[(CH2)5Rf8]3),
64 bis[(perfluorooctyl)propyl](perfluoroheptyl)-

methylamine (N(CH2Rf7)[(CH2)3Rf8]2),
143 and bis[(perfluorooctyl)propyl]-(2,2,2-

trifluoroethyl)amine (N(CH2CF3)[(CH2)3Rf8]2)
143 were prepared according to previously 

described procedures. 

 

4.3.2 Membranes 

Sensor membranes were fabricated by a similar procedure as that described in 

Chapter 3. Fluoropore™ membrane filters (pure PTFE, 47 mm diameter, 0.45 µm pore 

size, 50 µm thick, 85% porosity) were obtained from Millipore. Supported liquid phase 

membranes were made from two of these disks stacked on top of each other. To 

impregnate the filter disks with the liquid sensing phase, about 28 uL of a PFPHP 

solution containing 1 mM NaBArF104 and 2 mM of the desired ionophore was applied to 

the surface of the porous filter disks, into which the fluorous solution permeates 

spontaneously. Liquid was added to the filter disks until they went from opaque white to 

translucent with a glossy surface. 
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4.3.3 Electrodes 

Electrodes and electrochemical cells were fabricated by a similar procedure as 

that described in Chapter 3. The inner filling solution was comprised of 1 M citric acid, 

2.73 M NaOH, and 10 mM NaCl (pH = 5.42). The composition of the inner filling 

solution was chosen to match conditions of earlier experiments performed with the 

tridodecylamine ionophore.56,139,140 Prior to measurements, the electrodes were 

conditioned for 2 to 3 hours in a solution of the same composition as the inner filling 

solution. 

 

4.3.4 Potentiometric and Conductimetric Measurements 

4.3.4.1 Potentiometric Measurements 

EMF Suite 1.03 (Fluorous Innovations, Arden Hills, MN) was used to control an 

EMF 16 potentiometer (Lawson Labs, Malvern, PA). Selectivity coefficients were 

determined by the fixed interference and separate solution methods,144 and Nernstian 

responses were confirmed for all ions in the concentration range where selectivities were 

tested. All response times in the Nernstian region were fast (less than 20 s). Selectivities 

values and their errors were obtained from 2 or 3 measurements. An InLab 201 pH half-

cell glass electrode (Mettler Toledo, Columbus, OH) was used to determine the H+ 

activity for all selectivity measurements and calibration curves. The glass electrode was 

calibrated by a seven-point calibration with buffer reference solutions of pH 4.00, 7.00, 

10.01, 12.00, 13.00, 13.1, and 13.7. Ion activities were calculated according to a two-

parameter Debye—Hückel approximation.145 

 

4.3.4.2 Conductimetric Measurements 

Membrane conductivities were measured by a similar procedure to that described 

previously.118,133 In a typical measurement, a single Fluoropore™ membrane filter was 

soaked with a solution of 0.8 mM ionophore (if present) and a certain concentration (not 

greater than 0.35 mM) of NaBArF104 in the fluorous solvent, PFPHP. The membrane 

was then conditioned for 3 h in a 10 mM aqueous solution of the primary ion chloride 
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and mounted into an electrode body. The inner filling solution and sample solution in 

contact with the membrane during the conductivity measurement were both 1.0 mM of 

the primary ion chloride. 

 

 

4.4 Results and Discussion 

4.4.1 Selectivities and Measuring Ranges of Fluorous pH Electrodes 

The perfluoroalkyl groups of the fluorophilic ionophores used in this study are 

necessary to provide for solubility in the fluorous solvent perfluoro(perhydro-

phenanthrene) (PFPHP).61,63-65 However, since perfluoroalkyl moieties are strongly 

electron-withdrawing, each of them were shielded from the central nitrogen with –

(CH2)n– (n = 1–5) spacers in order to retain the coordinative properties of the central 

nitrogen.64,133 H+ selectivities measured for four electrodes, each containing one of the 

fluorophilic ionophores (Table 1), follow the order: N(CH2Rf7)[(CH2)3Rf8]2 < 

N(CH2CF3)[(CH2)3Rf8]2 < N[(CH2)3Rf8]3 < N[(CH2)5Rf8]3. Evidently, the number and 

length of the –CH2– spacers around the central nitrogen has a very large effect on 

selectivity. For example, K+ discrimination can be adjusted over at least 13 orders of 

magnitude, i.e., between –0.02 for perfluorotripentylamine,133 which has no spacers, and 

< –12.8 for ionophore N[(CH2)5Rf8]3, which has five –CH2– spacers separating the 

central nitrogen from each perfluoroalkyl groups. In addition, there is also an effect on 

selectivity from the length of the perfluoroalkyl group. The structures of 

N(CH2Rf7)[(CH2)3Rf8]2 and N(CH2CF3)[(CH2)3Rf8]2 are nearly identical, with two –

(CH2)3– spacers and one –CH2– spacer. However, the selectivity for H+ is greater in the 

sensor doped with N(CH2CF3)[(CH2)3Rf8]2 than in the sensor doped with 

N(CH2Rf7)[(CH2)3Rf8]2, since the perfluoroheptyl group of N(CH2Rf7)[(CH2)3Rf8]2 is 

more strongly electron-withdrawing than the trifluoromethyl group of 

N(CH2CF3)[(CH2)3Rf8]2.
97 
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Table 1. Proton selectivities (log pot

,H I
K + ) for each fluorous ionophore-doped pH electrode 

and the analogous ionophore-free electrode,118 along with two non-fluorous 

tridodecylamine (TDDA)-doped poly(vinyl chloride) (PVC) membrane electrodes, each 

containing the non-fluorous ionic site, potassium tetrakis(p-chlorophenyl)borate 

(KClPB).21 

Membrane composition Proton selectivity (log pot

,H I
K + )a 

Ionophore Ionic site 
Liquid matrix/ 

membrane support 
K+ Na+ Ca2+ 

N(CH2Rf7)[(CH2)3Rf8]2 
(2 mM) 

NaBArF104 
(1 mM) 

PFPHP/PTFE –2.1 –3.2 –2.7 

N(CH2CF3)[(CH2)3Rf8]2 
(2 mM) 

NaBArF104 
(1 mM) 

PFPHP/PTFE –2.7 –4.0 –3.5 

N[(CH2)3Rf8]3 
(2 mM) 

NaBArF104 
(1 mM) 

PFPHP/PTFE –7.9 –9.3 –6.7 

N[(CH2)5Rf8]3 

(2 mM) 
NaBArF104 
(1 mM) 

PFPHP/PTFE < –12.8 < –13.5 < –10.8 

- NaBArF104 
(1.4 mM) 

PFPHP/PTFE –0.32 –1.5 –2.1 

TDDA 
(130 mM) 

KClPB 
(23 mM) 

(2:1 w/w) BEHS/PVC –10.7 –11.3 n.d. 

TDDA 
(130 mM) 

KClPB 
(23 mM) 

(2:1 w/w) oNPOE/PVC –12.2 < –12.8 n.d. 

a Error in measurements is ± 0.2. 

 

Since the fluorophilic ionophores, N(CH2Rf7)[(CH2)3Rf8]2, 

N(CH2CF3)[(CH2)3Rf8]2, N[(CH2)3Rf8]3, and N[(CH2)5Rf8]3, were found to be insoluble 

in organic membranes, bis(2-ethylhexyl) sebacate (BEHS) and o-nitrophenyl octyl ether 

(oNPOE) membranes doped with tridodecylamine were used as comparable organic 

sensing membranes to demonstrate the enhanced selectivity derived from use of fluorous 

membrane matrixes. K+ discrimination was found to be at least 0.6 orders of magnitude 

greater in the fluorous membrane than in the oNPOE membrane and at least 2.1 orders of 

magnitude greater than in the BEHS membrane. 
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Fig. 3 shows pH calibration curves for four fluorous membranes in a 1 M KCl 

background, each containing one of the fluorophilic trialkylamines. The sensors 

containing N[(CH2)3Rf8]3 and N[(CH2)5Rf8]3 have the widest measuring ranges. With a 1 

M KCl background, the sensor containing ionophore N[(CH2)3Rf8]3 has a measuring 

range from pH 1.5 to 6.5 (5 pH units), while the sensor containing N[(CH2)5Rf8]3 has a 

measuring range from pH 5 to 13 (8 pH units). In comparison, a tridodecylamine-doped 

sensor with a non-fluorous oNPOE matrix was found to have a measuring range from pH 

6 to 11.5 (5.5 pH units) when used in solutions of the same ionic background.21,140 As the 

lower detection limit in each case is determined by selectivity, measuring ranges in 

different ionic backgrounds could be calculated using the selectivity data. The 

observation of a super-Nernstian response between pH 2.5 and 5 for the sensor containing 

ionophore N[(CH2)5Rf8]3, and below pH 2 for ionophore N[(CH2)3Rf8]3 contrasts with 

observations typically made for ISEs, where the onset of Donnan failure only causes the 

calibration curve to flatten out at high activities. However, similar behavior is observed in 

non-fluorous sensor membranes doped with tridodecylamine.140 It is also interesting to 

note that the response times remain fast (less than 20 s) in the super-Nernstian region; it 

is only at higher concentrations, when the slope decreases, that the response times 

increase (up to 5 min). While the specific reasons for the super-Nernstian response are 

unclear yet, trialkylamines may have structural properties that result in formation of 

higher complexes or enhanced diffusion potentials across the sensing membrane at the 

onset of Donnan failure.  
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Figure 3. EMF responses for the four fluorous pH electrodes, each composed of 1.0 mM 

fluorophilic borate NaBArF104 and 2.0 mM fluorophilic ionophore (  = N[(CH2)5Rf8]3,  

= N[(CH2)3Rf8]3,  = N(CH2CF3)[(CH2)3Rf8]2,  = N(CH2Rf7)[(CH2)3Rf8]2) in PFPHP. 

The electrode response to pH was measured in a constant background of 1.0 M KCl and 

10 mM tris(hydroxymethyl)aminomethane (TRIS) buffer, while the pH was adjusted by 

additions of 1.0 M HCl and 1 M KOH solution. 

 
4.4.2 Measurement of the Apparent Ionophore Basicities 

Quantitative data characterizing the basicity of the fluorophilic trialkylamines 

used as ionophores in this work have not been determined previously, but the variation in 

measuring ranges and selectivities for the four fluorous sensors indicates a very wide 

range in ionophore basicity. Evidence for a large effect of fluorine substituents on the 

basicity of amines is indeed known from experimental and computational studies.64,97,133 

For example, perfluorotripentylamine, which is not shielded at all from the three electron-

withdrawing perfluoroalkyl groups surrounding it, has been shown to have an apparent 

pKa in perfluoro(perhydrophenanthrene) of less than -0.5,133 whereas trialkylamines, 
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which contain no fluorine at all, have pKa values in water of approximately 10.6.146 In 

contrast with other techniques used to estimate the basicity of fluorous compounds, this 

ionophore-based sensor system serves as an excellent tool for the direct measurement of 

the pKa values of the conjugate acids in the fluorous phase. 

Two of the most common methods employed for measuring complexation 

constants in ionophore-doped sensing membranes include a spectrophotometric 

technique147 and the “segmented sandwich membrane” technique.134,148,149 Unfortunately, 

neither of these techniques is readily applicable to the supported perfluoro(perhydro-

phenanthrene) membranes used in this study. The spectrophotometric technique requires 

a chromoionophore to be co-dissolved in the membrane matrix, but a suitable fluorophilic 

chromoionophore has yet to be developed. The segmented sandwich membrane technique 

involves sandwiching together two sensing membranes, one containing ionophore and the 

other ionic sites only, and measuring the potential across the two membranes before 

significant diffusion occurs between them. However, the use of a supported liquid phase 

limits the accuracy of this technique because of relatively rapid diffusion between the two 

membranes. 

Instead, we use a technique developed by Pretsch and Bakker in which the 

selectivities of a membrane to a complexing and a non-complexing ion are 

compared.128,150,151 Our key assumption is that PPh4
+ does not interact significantly with 

any of the trialkylamine ionophores. Table 2a shows the selectivities of each ionophore-

based sensor relative to PPh4
+. By assessing the difference in the H+/PPh4

+ selectivities of 

otherwise identical ionophore-free and ionophore-doped membranes and assuming a 1:1 

complex stoichiometry, one can calculate the complex formation constant of an 

ionophore according to equation 1 (see Supporting Information for derivation and general 

form) 
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where HLβ  is the H+ binding constant of the ionophore, (L)pot

H,PPh 4
++K  and (IE)pot

H,PPh 4
++K  are 

the H+/PPh4
+ selectivity coefficients for the ionophore-doped and ionophore-free 
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membranes, respectively, TR  is the total ionic site concentration, and TL  is the total 

ionophore concentration. Similar equations128,150,151 have been derived to calculate 

ionophore binding constants, but there the assumption was made that the ionophore 

binding is very strong, such that TR][IL ≈+ , and TT RL[L] −≈ . However, equation 1 is 

also valid when ionophore binding is weak. 

 

Table 2. Tetraphenylphosphonium selectivities (log pot

,PPh 4 I
K + ) for each fluorous 

ionophore-doped pH electrode and the analogous ionophore-free electrode (a) 

uncorrected for ion-pairing, and (b) corrected for ion-pairing effects. 

Membrane composition Selectivities relative to PPh4
+ (log pot

,4PPh I
K + )a 

(a) Uncorrected for ion-
pairing 

(b) Corrected for ion-
pairing 

Ionophore Ionic site 
Liquid matrix/ 

membrane 
support K+ Na+ H+ K+ Na+ H+ 

N(CH2Rf7)[(CH2)3Rf8]2 
(2 mM) 

NaBArF104 
(1 mM) 

PFPHP/ 

PTFE 
–16.8 –18.0 –14.7 –17.1 –18.0 –16.3 

N(CH2CF3)[(CH2)3Rf8]2 
(2 mM) 

NaBArF104 
(1 mM) 

PFPHP/ 

PTFE 
–16.8 –18.1 –14.1 –17.1 –18.2 –16.2 

N[(CH2)3Rf8]3 
(2 mM) 

NaBArF104 
(1 mM) 

PFPHP/ 

PTFE 
–17.3 –18.7 –9.4 –17.6 –18.7 –10.3 

N[(CH2)5Rf8]3 

(2 mM) 
NaBArF104 
(1 mM) 

PFPHP/ 

PTFE 
<–17.6 <–18.3 –4.8 <–17.9 <–18.4 –4.7 

– NaBArF104 
(1.4 mM) 

PFPHP/ 

PTFE 

–16.8 –18.0 –16.51 –17.1 –18.1 –17.1 

a Error in measurements is ± 0.2. 

 

4.4.3 Correction of Apparent Ionophore Basicities for Ion-pair Formation 

Since it has been observed that there is extremely strong ion-pair formation in the 

exceedingly nonpolar fluorous matrix,118 an additional consideration is required: changes 

in the free H+ concentrations in the fluorous phases between the ionophore-free and 

ionophore-doped membranes are not only the result of ionophore complexation, but are 



 

 84 

also the result of differences between the ion-pair association constants for H+ and 

tetrakis[3,5-bis(perfluorohexyl)phenyl]borate, and the ionophore-H+ complex and 

tetrakis[3,5-bis(perfluorohexyl)phenyl]borate. In order to calculate unbiased binding 

constants for the ionophores, the relevant ion-pair association constants (Table 3) were 

determined from the conductivities of fluorous salt solutions of different concentrations. 

The relationship was fit by a modified Fuoss-Kraus75 equation (see Supporting 

Information) 
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where Λ is the molar conductivity, c is the salt concentration in PFPHP, ∞Λ  is the 

limiting molar conductivity of the salt, and ipK  and tK  are the ion-pair and triple-ion 

formation constants.  

 

Table 3. Measured ion-pair and triple-ion pair association constants for tetrakis[3,5-

bis(perfluorohexyl)phenyl]borate salts dissolved in PFPHP. 

Cation Log(Kip)
a (M-1) Log(Kt)

b (M-1) 

H3O
+ c 14.8 < 2 

Na+ 14.3 3.2 

K+ 14.5 3.8 

PPh4
+ 14.2 4.9 

H–N(CH2Rf7)[(CH2)3Rf8]2
+ 15.8 4.5 

H–N(CH2CF3)[(CH2)3Rf8]2
+ 16.2 4.8 

H–N[(CH2)3Rf8]3
+ 15.2 4.5 

H–N[(CH2)5Rf8]3
+ 14.1 3.9 

a Error in measurements is ± 0.1.  
b Error in measurements is ± 0.5.  
c The hydronium ion, H3O

+, is listed here because in the absence of ionophore it appears to be the more 

likely species than a naked H+. 
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Compared to the uncomplexed ion-pair association constants, one would expect 

the protonated ionophore salts to have ion-pair association constants that are smaller due 

to the larger cation size, which would hinder close association. Instead, the opposite is 

true — all but the H–N[(CH2)5Rf8]3
+ salt show relatively strong ion-pair formation and 

all the salts show relatively strong triple-ion formation (Table 3). This may be the result 

of two effects. On one hand, there could be ammonium-π interactions, showing the 

greatest effect for the H–N(CH2CF3)[(CH2)3Rf8]2
+ salt, which is most accessible at the 

central nitrogen. On the other hand, there may be a fluorophobic effect that would cause 

increased interaction between the less fluorous parts of the cations (the hydrocarbon 

spacers) and anions (the phenyl rings). Notably, compared to the ion-pair and triple-ion 

pair association constants of the uncomplexed cation salts, those for the PPh4
+ salt are 

larger than would be expected considering that it is a relatively large ion with a great 

extent of charge delocalization. As electrostatic interactions cannot explain this, it seems 

possible that the increased association, along with triple-ion formation, results from π-π 

interactions between the two ions. 

 

4.4.4 Basicities of Fluorinated Trialkylamine Ionophores 

Table 2b shows the thermodynamically unbiased selectivities for PPh4
+ after 

correction for differences in ion-pairing. The corrections were performed according to 

)log(logloglog
444 PPh,ip,ip

pot

,PPh

corrpot,

,PPh +++ −−= KKKK III
              (3) 

where corrpot,

,PPh 4 I
K +  is the corrected coefficient of selectivity for I+ over PPh4

+, pot

,PPh 4 I
K +  is the 

uncorrected selectivity coefficient, IK ,ip  is the ion-pair association constant for the salt of 

ion I+ (or its ionophore complex) with the fluorophilic anion of NaBArF104, and +
4PPhip,

K  

is the ion-pair formation constant for the PPh4
+ salt of NaBArF104. Since triple-ion 

formation does not only have a much smaller effect on the r

I
K

corpot,

,PPh 4
+  than ion-pair 

formation and indeed did not affect r

I
K

corpot,

,PPh 4
+  significantly, only ion-pair formation was 

considered for the r

I
K

corpot,

,PPh 4
+  reported in Table 2b.   
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As Table 2 shows, Na+ and K+ selectivities for all of the ionophore-based 

membranes are very similar and are very close to the corresponding selectivities of the 

analogous ionophore-free electrode, indicating very little interaction between these alkali 

metal cations and the ionophores. Equation 1 was used to calculate an H+ complexation 

constant for each ionophore by inserting corrpot,

H,PPh 4
++K  for pot

H,PPh 4
++K  of the ionophore-doped 

and corrpot,

H,PPh 4
++K   for pot

H,PPh 4
++K  of the ionophore-free membranes. Thereby, the pKa values of 

ionophores N(CH2Rf7)[(CH2)3Rf8]2, N(CH2CF3)[(CH2)3Rf8]2, N[(CH2)3Rf8]3, and 

N[(CH2)5Rf8]3 in the fluorous solvent PFPHP were determined to be 3.6, 3.8, 9.8, and 

15.4 ± 0.3, respectively. 

A previous NMR study of the relative basicities of tridodecylamine and of the 

ionophore N[(CH2)5Rf8]3, whose amino group is shielded best among all ionophores from 

its electron withdrawing fluorines, showed a difference of their pKa values in CDCl3 of 

only 0.9-1.2 units.64 This demonstrates that the pKa values of the two compounds in this 

solvent are relatively close even though the five –CH2– spacers do not fully shield the 

central nitrogen of N[(CH2)5Rf8]3 from the perfluoroalkyl groups. It is likely that the 

difference in pKa would be somewhat greater in the fluorous solvent PFPHP, but 

unfortunately this cannot be confirmed experimentally since tridodecylamine is not 

soluble in this solvent. Nevertheless, given the documented upward shift of pKa values by 

2-3 units when in common organic membranes such as oNPOE/PVC,152 and the 

likeliness of yet a bigger effect for a fluorous solvent, the difference between the pKa of 

trialkylamines in water (10.6)146 and the pKa of the ionophore N[(CH2)5Rf8]3 in the 

fluorous solvent PFPHP (15.4) appears reasonable. 

 

4.5 Conclusions 

In previous work, we showed the enhanced selectivity of ionophore-free fluorous 

sensing membranes over non-fluorous ionophore-free membranes.118,133 The selectivity 

data presented in this work demonstrates the enhancement in selectivity that a fluorous 

ionophore-doped membrane matrix can offer over a conventional non-fluorous 

ionophore-doped matrix. This implies that it will be possible to improve the selectivity of 

other existing ionophore-based sensors by use of fluorophilic ionophore analogues in 
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fluorous matrixes; such work is in progress. In addition, measurements of ion-pair 

association constants and selectivities allowed the determination of ionophore pKa values 

in a fluorous solvent. The basicities of the ionophores are strongly dependent on the 

length of the hydrocarbon spacers separating the perfluoroalkyl substituents from the 

amino groups, and the fluorous matrix results in a significantly larger basicity than in a 

non-fluorous matrix. In particular, ionophore N[(CH2)5Rf8]3 in the fluorous solvent 

perfluoro(perhydrophenanthrene) exhibited a pKa of 15.4, which is very large in 

comparison to pKa values of other trialkylamines in non-fluorous media. We are currently 

in the process of developing a fluorous polymeric membrane matrix, which will allow the 

segmented sandwich membrane technique to be used to further verify ionophore 

basicities and complex stabilities. 
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4.6 Supporting Information 

4.6.1 Details of Potentiometric Measurements 

In the case of Na+ and K+ selectivity measurements, three solutions of different 

pH but equal cation concentrations were prepared prior to measurements: the first 

contained 1.0 M of the hydroxide salt of the primary ion, the second solution contained 

0.316 M of the hydroxide salt of the primary ion and 0.684 M of the chloride salt of the 

primary ion, and the third solution contained 0.1 M of the hydroxide salt of the primary 

ion, 0.9 M of the chloride salt of the primary ion, and 10 mM tris(hydroxymethyl)-

aminomethane (TRIS) buffer. In a fixed interference experiment, the electrode response 

was recorded as the electrodes were placed in the first, the second, and then the third 

solution. At that point, a solution containing 1.0 M HCl and 1.0 M of either KCl or NaCl 

was added incrementally to decrease in situ the pH of that third solution. In the case of 

Ca2+ selectivity measurements, the starting solution consisted of 1.0 M CaCl2 and 10 mM 

TRIS buffer. To that, a 1.0 M LiOH solution was added incrementally to increase the pH 

until a precipitate was observed. In another experiment, to decrease the pH, a solution of 

1.0 M CaCl2 and 1.0 M HCl was incrementally added to a starting solution of 1.0 M 

CaCl2 and 10 mM Ca(OH)2. An InLab 201 pH half-cell glass electrode (Mettler Toledo, 

Columbus, OH) was used to determine the H+ activity for all selectivity measurements 

and calibration curves. The glass electrode was calibrated by a seven-point calibration 

with buffer reference solutions of pH 4.00, 7.00, 10.01, 12.00, 13.00, 13.1, and 13.7. The 

pH 13.7 and 13.1 buffers were prepared as described previously153 by making a 0.8 M 

tetramethylammonium hydroxide, 0.1 M tetramethylammonium chloride solution, and a 

0.19 M tetramethylammonium hydroxide, 0.1 M tetramethylammonium chloride 

solution, respectively; their approximate pH values were calculated with the extended 

Debye—Hückel formalism. All other activities were calculated according to a two-

parameter Debye—Hückel approximation.145 

 

4.7.2 Ion-Pair Association Constant Calculations 

The relationship between the molar conductivity, Λ, and the salt concentration in 

2, c, can be modeled with the Fuoss-Kraus theory75 
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where ∞Λ  and ∞

tΛ  are the free electrolyte and triple ion electrolyte limiting molar 

conductivities, and ipK  and tK  are the ion pair and triple ion formation constants. The 

common approximation of ∞

tΛ  with 3Λ2 ∞  yields:154 
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More complex modeling of the system is available that can take into account formation of 

quadrupoles, viscosity changes, and ion activities, but since a decrease in the slope at 

higher concentrations was not observed for any of the salts, these effects seemed 

insignificant here.  

Because the limiting molar conductivities of the salts used in this work have not 

been measured in any other solvents, Walden’s rule could not be used to determine the 

limiting molar conductivities in perfluoro(perhydrophenanthrene). Instead, the Stokes-

Einstein law was used to approximate the limiting molar conductivities of the individual 

ions 

iA

22
i

i
πηr6N

Fz
λ =∞           (S3) 

where F is Faraday’s constant, NA is Avogadro’s number, ri is the Stokes radius of the 

ion, η is the viscosity of the solvent (25 ºC, 28.4 cP),77 and ∞
iλ  is the limiting molar 

conductivity of the free ion. The sum of the limiting molar conductivities of the free 

cation, ∞
+λ , and anion, ∞

−λ , gives the limiting molar conductivity of the electrolyte. 

∞∞
+

∞ += -λλΛ          (S4) 

The Stokes radii used for these measurements were either approximated by 

crystallographic radii,79 or calculated from the work of Edward.80 They are listed in Table 

S1 along with the calculated ion-pair and triple ion formation constants of each salt of 

tetrakis[3,5-bis(perfluorohexyl)phenyl]borate.  
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Table S1. Ion-pair and triple ion formation constants measured for the tetrakis[3,5-

bis(perfluorohexyl)phenyl]borate salts of various cations, along with the ionic radius used 

for each calculation. 

Cation Log[ ipK ]a (M-1) Log[ tK ]b (M-1) r+ (Å)c 

H3O
+ 14.77 < 2 1.30d 

Li+ 14.61 2.88 0.69d 

Na+ 14.28 3.15 1.02d 

K+ 14.49 3.77 1.38d 

Cs+ 14.28 2.02 1.70d 

NH4
+ 14.13 2.53 1.48d 

PPh4
+ 14.20 4.93 4.24d 

H–N(CH2Rf7)[(CH2)3Rf8]2
+ 15.79 4.48 5.61e 

H–N(CH2CF3)[(CH2)3Rf8]2
+ 16.24 4.84 5.20e 

H–N[(CH2)3Rf8]3
+ 15.15 4.25 5.76e 

H–N[(CH2)5Rf8]3
+ 14.05 3.91 5.99e 

a Error in measurements is ± 0.1. 
b Error in measurements is ± 0.5. 
c The value of r– calculated for tetrakis[3,5-bis(perfluorohexyl)phenyl]borate was 7.396 Å. 
d Ionic crystal radius.79 
e Calculated ionic radius.80 

 

4.6.3 Derivation of Equation 1 

The selectivity coefficient for an ion-exchanger membrane (IE)pot
JIK  containing 

no ionophore is given by2 

)]([

)]([
(IE)

z

z
pot

IIK

JJ
K

JI

JI +

+

=     (S5) 

where +zI  is the ion of charge z that the ionophore can bind (in our case, H+), +
J  is the 

reference ion that we assume does not interact with the ionophore (PPh4
+), ])([ z II +  is the 
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concentration of free +zI  in the membrane phase while the membrane is responding only 

to +zI , )]([ JJ +  is the concentration of free +
J  in the membrane while the membrane is 

responding only to +
J , and JIK  is the equilibrium constant for the ion exchange of +zI  

and +
J  between the membrane and sample phases. Since there is no ionophore in the 

membrane, )]([ JJ +  is equal to TR , the total concentration of ionic site in the membrane, 

and ])([ z II +  is equal to /zRT . 

T

z
Tpot

R

zR
)IE(

JI

JI
K

K =             (S6) 

If ion-pair association constants were considered in this theory, the assumptions that 

)]([ JJ + = TR  and ])([ z II +  = /zRT  would not be true. Ion-pair association is quite 

relevant to our system, but it was already accounted for by correcting the selectivity 

coefficients. 

Similarly, the selectivity coefficient of the equivalent ionophore-doped membrane 

is given by 

)]([

R
)L(

z

z
Tpot

IIK
K

JI

JI +
=     (S7) 

where only )]([ JJ +  is equal to TR  since it is assumed that J+ does not interact with the 

ionophore. Combining equations S6 and S7 gives 

)L(

)IE(

z

R
)]([

pot

pot
Tz

JI

JI

K

K
II =+      (S8) 

If a 1:1 stoichiometry is assumed, the binding constant of the ionophore with +zI , ILβ , is 

given by 

][L][

][LI
β

z

z

IL +

+

=
I

          (S9) 

where [L]  is the concentration of unbound ionophore and ][LIz+  is the concentration of 

the ionophore– +zI  complex in the membrane. Substituting equation S9 into equation S8 

and solving for ILβ  gives 
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Since we cannot make the assumption that ][ z+I  is insignificant compared to TR  or the 

total concentration of ionophore (bound and unbound), TL  

][R][IL z
T

++ −= I           (S11) 

and 

][RL[L] z
TT

++−= I             (S12) 

By combining equations S8, S10, S11, and S12, the final equation is derived. 
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=    (S13) 

Equation S13 applied to H+ corresponds to equation 1 in section 4.4.2. Similar 

equations128,150,151 have been derived by Pretsch and Bakker to calculate ionophore 

binding constants, but in each case, the assumption is made that the ionophore binding is 

very strong, such that TR]IL[ ≈+ , and TT RL[L] −≈ . Here, an equation was derived that 

is applicable even when ionophore binding is weak. 
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5.1 Abstract 

 

 

 

Fluorous solvents are the most nonpolar, nonpolarizable phases known, whereas 

ions are inherently polar. This makes it difficult to create salts that are soluble in a 

fluorous solvent. Here we present the synthesis and characterization of a new fluorophilic 

phosphonium salt, tris{3,5-bis[(perfluorooctyl)propyl]phenyl}methylphosphonium 

methyl sulfate. The salt has a solubility of at least 14 mM in perfluoro(perhydro-

phenanthrene), perfluoro(methylcyclohexane), and perfluorohexanes. It also shows 

immediate potential for use as a phase-transfer catalyst in fluorous biphasic catalysis, but 

in this work it is used as an anion exchanger site in the first potentiometric fluorous-

membrane anion-selective electrode. The membrane sensor exhibited the exceptional 

selectivity of 3.9 x 1010 to 1 for perfluorooctanesulfonate over chloride, and of 2.5 x 107 

to 1 for perfluorooctanoate over chloride. With improvements to the sensor’s detection 

limit and lifetime, it has the potential to be an attractive alternative to the expensive, 

time-consuming methods currently employed for measurement of perfluorinated acids.  
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5.2 Introduction 

 In an attempt to prepare ion-selective sensors with enhanced selectivities and 

improved resistance to biofouling, we developed cation-selective electrodes employing 

fluorous matrixes instead of conventional lipophilic matrixes.118,133,143 These fluorous 

membranes incorporated a highly fluorophilic anion, such as that in sodium tetrakis[3,5-

bis(perfluorohexyl)phenyl]borate (NaBArF104), as an anionic site, enabling the sensors to 

respond to ions of the opposite charge. Both receptor-free and receptor-doped fluorous 

membrane sensors exhibited enhanced selectivity.  

 

 

Figure 1. Fluorophilic ions described in the literature. 

 

In order to extend the fluorous sensor system to be able to measure not only 

cations but also anions, a highly fluorophilic cationic site was needed. Such a cation has 

to be soluble in a fluorous matrix even when paired with highly hydrophilic ions such as 

Cl–, F–, or HPO4
2–. However, very few fluorophilic cations have been reported in the 

literature. Neumann and co-workers described a fluorinated ammonium cation, 

[CF3(CF2)7(CH2)3]3CH3N
+ (1), which was used as a phase transfer catalyst for a 

polyoxometalate catalyst with a –12 charge.119 Unfortunately, when the cation is paired 

with a monoanion, we observed that for our purposes it is not soluble enough in fluorous 

solvents even when the anion has such a low hydrophilicity as iodide.155 An array of 
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phosphonium cations, each with four fluorous ponytails, was recently reported in work by 

Gladysz and co-workers (2 was among the most fluorophilic).156 However, even the most 

fluorophilic among them was reported to be only sparingly soluble in 

perfluoro(methylcyclohexane) at room temperature when paired with CF3SO3
– or I–. To 

the best of our knowledge, the most fluorophilic cation ever reported in the literature was 

described by Maruoka and co-workers. Their quaternary ammonium cation 3 was 

reported to be soluble in perfluorohexanes when paired with Br–.60 Unfortunately, the 11-

step synthesis required to prepare this salt (overall yield approximately 19%) inhibits its 

widespread application. 

In this work, we report a new fluorophilic phosphonium salt bearing six fluorous 

ponytails, i.e., tris{3,5-bis[(perfluorooctyl)propyl]phenyl}methylphosphonium methyl 

sulfate, PCH3ArF102CH3OSO3 (see section 5.4.1, Scheme 1). The salt has a high 

solubility (at least 14 mM) in the fluorous solvents perfluoro(methylcyclohexane), 

perfluorohexanes, and perfluoro(perhydrophenanthrene), and requires only a relatively 

small synthetic effort to prepare. We describe here its use as a cationic site in the first 

reported fluorous anion-exchanger membrane electrode, focusing on membrane 

selectivities relative to conventional membranes made of the lipophilic matrixes o-

nitrophenyl octyl ether (oNPOE) and dioctyl sebacate (DOS). Also, a new fluorophilic 

electrolyte salt, PCH3ArF102BArF136—the tetrakis[3,5-bis(perfluorooctyl)phenyl]borate 

salt of this fluorophilic phosphonium cation—was synthesized and used to lower the 

electrical resistance of the sensing membranes. Finally, we present our observations of 

the very slow spontaneous dearylation of the phosphonium cation when paired with 

weakly basic anions in the presence of water, resulting in the formation of a phosphine 

oxide. 
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Figure 2. Fluorophilic electrolyte salt and fluorous liquid matrix. 

 

5.3  Experimental 

5.3.1 Materials and Methods 

All reagents were of the highest commercially available purity and were used as 

received. Sample solutions were prepared using deionized and charcoal-treated water 

(0.182 MΩ m specific resistance) obtained with a Milli-Q PLUS reagent-grade water 

system (Millipore, Bedford, MA, USA). Perfluoro(perhydrophenanthrene) (PFPHP), 

1,4-dioxane, and 5% Rh/C catalyst were purchased from Alfa Aesar (Ward Hill, MA, 

USA). 1.0 M BCl3 in hexane, 2.5 M n-butyllithium in hexanes, 1.7 M t-butyllithium in 

pentane, PCl3, and dimethyl sulfate were purchased from Aldrich or Fluka (Milwaukee, 

WI, USA). Perfluorohexanes (FC-72) was purchased from 3M (St. Paul, MN, USA) and 

benzotrifluoride from Oakwood products (West Columbia, SC, USA). Et2O was distilled 

from LiAlH4 prior to use. 

 

5.3.2  Membranes 

 Sensor membranes were fabricated by a similar procedure as that described in 

Chapter 3. Fluoropore membrane filters (pure PTFE, 47 mm diameter, 0.45 µm pore 

size, 50 µm thick, 85% porosity) were obtained from Millipore. Supported liquid-phase 

membranes were made from two of these disks stacked on top of each other. To 
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impregnate the filter disks with the liquid sensing phase, a PFPHP solution containing 2 

mM of the fluorophilic cationic site PCH3ArF102CH3OSO3 and 10 mM of the 

fluorophilic electrolyte salt PCH3ArF102BArF136 was applied to the surface of the porous 

filter disks, into which the fluorous solution permeated spontaneously. Solution was 

added to the filter disks until they went from opaque white to translucent with a glossy 

surface, which required about 24-32 µL of the fluorous phase. 

 

5.3.3 Electrodes 

Electrodes and electrochemical cells were fabricated by a similar procedure as 

that described in Chapter 3. The solution inside each electrode was divided into two parts 

by a small glass wool plug: an outer filling solution (in contact with the backside of the 

sensing membrane) and an inner filling solution (in contact with the outer filling solution 

through the glass wool plug and in contact with an AgCl-coated Ag wire). The inner 

filling solution was always aqueous 1 mM KCl. For selectivity measurements, the outer 

filling solution was composed of an aqueous 1 mM solution of the potassium salt of the 

anion of interest. An electrochemical cell was obtained by immersion of the thus 

fabricated electrode and a double-junction type external reference electrode (DX200, 

Mettler Toledo, Switzerland; saturated KCl as inner solution and 3M KCl or 1 M LiOAc 

as bridge electrolyte) into the sample solution. Prior to measurements, the electrodes were 

conditioned for 2-3 h in a solution of the same composition as the outer filling solution. 

 

5.3.4 Potentiometric Measurements 

EMF Suite 1.03 (Fluorous Innovations, Arden Hills, MN) was used to control an 

EMF 16 potentiometer (Lawson Labs, Malvern, PA, US). Selectivity coefficients were 

determined by the fixed interference and separate solution methods,13 and Nernstian 

responses were confirmed for all ions in the concentration range where selectivities were 

tested. Selectivity values were obtained from two or three measurements. The error in the 

selectivity measurements was ±0.2. Ion activities were calculated according to a two 

parameter Debye-Hückel approximation.72  
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5.3.5 Inner Filling Solution Buffers 

 Buffered perfluorooctanesulfonate (PFOS
–) solutions were made using DOWEX 

1X8-100 ion exchange resin (Cl– form, Aldrich, Milwaukee, WI, USA). Table 1 shows 

the buffer solution compositions and calculated activities. The buffer solution activities 

were only approximate values, since the selectivity of the beads for PFOS
– over Cl– 

−− Cl,PFOS
K was assumed to be ~10 (based on known anion selectivities), and the anion-

exchange capacity of the resin was assumed to be 3 mequiv/g (manufacturer’s value). 

 

Table 1. Compositions and calculated activities of inner filling solutions used. 

 Compositiona  Calculated activitiesb 
(M) 

Buffer  Mass of ion-exchanger [KPFOS] 
(M) 

[KCl] 
(M) 

 PFOS
–
 Cl– 

1 0.25 g 1.0 x 10–3 1.4 x 10–5  1.5 x 10–5 1.0 x 10–3 

2 0.25 g 3.0 x 10–4 7.0 x 10–4  4.0 x 10–6 1.0 x 10–3 

3 2.50 g 3.0 x 10–4 7.0 x 10–4  4.0 x 10–7 1.0 x 10–3 

4 25.0 g 3.0 x 10–4 7.0 x 10–4  4.0 x 10–8 1.0 x 10–3 
a In 100 mL water. 

b Assuming −− Cl,PFOS
K = 10 and the anion-exchange capacity of the resin is 3 mequiv/g. 

 

 After all the components of the buffer solutions were added to a 100 mL 

volumetric flask, they were allowed to equilibrate overnight with stirring. When the 

buffer solutions were used as the inner filling solutions of the ISEs, about 250 mg of the 

ion-exchanger resins were transferred into the electrode bodies as well. For these 

experiments, precise inner filling solution activities are unnecessary, since the purpose is 

just to see how low the detection limit can get when the inner filling solution is 

optimized. 
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5.3.6 Oxidation of [3,5-(CH2CH2CH2C8F17)2C6H3]3CH3P
+
 CH3OSO3

–
 

(PCH3ArF102CH3OSO3) 

50 mg of 10 was dissolved in 3 mL of PFPHP, and added to 30 mL of 1 M 

NaOH/H2O solution. Stirring of the two phase system at room temperature led to the 

formation of a precipitate, which was collected after 24 hours by filtration and identified 

as 9 (see Scheme 2). 1H NMR (499.9 MHz, CDCl3): δ 7.58 (4H, d, o-C6H3), δ 7.39 (2H, 

s, p-C6H3), δ 2.95–2.85 (m), δ 2.30–2.18 (m), δ 2.10–1.90 (m). 31P NMR (121.4 MHz, 

acetone-d6): δ 26.47 (1P, s). MS m / z (relative intensity, ion): 2080.51 (13.5%, M+), 

2079.52 (55.7%, M+), 2078.52 (100%, M+), 2060.52 (5.7%, M+ – HF), 2059.53 (14.2%, 

M+ – HF), 2058.52 (24.5%, M+ – HF). 

 

5.3.7 Synthesis 

5.3.7.1 Synthesis of 1-Br-3,5-(CH=CHCH2C8F17)2C6H3 (6) 

The Wittig reagent 4 and 1-Br-3,5-(CHO)2C6H3, 5, were synthesized by 

previously reported procedures.157,158 The Wittig reaction for the synthesis of 6 is similar 

to a previously reported procedure.158 39 g (0.0466 mol) of 4, 4.52 g (0.0212 mol) of 5, 

8.54 g (0.0466 mol) of K2CO3, 0.26 mL H2O, and 156 mL of 1,4-dioxane were added to a 

round-bottom flask fitted with a condenser that was open to the atmosphere. After the 

mixture was stirred for 22 h at 95 ˚C, all volatiles were removed by rotary evaporation. 

The residue was taken up in CH2Cl2, washed with H2O, dried with MgSO4, filtered, and 

the CH2Cl2 was removed by rotary evaporation. The residue was then taken up in a small 

amount of hexanes and filtered through a column of silica gel with hexanes. The volatiles 

were removed by rotary evaporation and then under vacuum for 16 h to give the product, 

6 (a mixture of isomers), as a light yellow oil with a yield of 87%. Characterization of 

most prominent isomer: 1H NMR (499.9 MHz, CDCl3): δ 7.27 (2H, s, o-C6H3), δ 7.00 

(1H, s, p-C6H3), δ 6.77 (2H, d, J = 11.5 Hz, CHCHCH2C8F17), δ 5.83 (2H, dt, CHCHJ ,  = 

11.5 Hz, 
2,CHCHJ  = 7.5 Hz, CHCH2C8F17), δ 3.03 (4H, dt, CHCHJ ,2

 = 7.5 Hz, 
22 ,CFCHJ  = 

18.0 Hz, CH2C8F17). Anal. cald. for C28H11BrF34: C, 31.34; H, 1.03; F, 60.19. Found: C, 

31.79; H, 1.13; F, 59.77. 
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5.3.7.2 Synthesis of 1-Br-3,5-(CH2CH2CH2C8F17)2C6H3 (7) 

The procedure used for selective hydrogenation of the double bonds in 6 to give 7 

is similar to a previously reported procedure.159 9.72 g (9.06 mmol) of 6, 767 mg 5% 

Rh/C catalyst, and 58.3 mL H2-saturated CH2Cl2 were added to a high-pressure, stainless 

steel reactor vessel containing a magnetic stir bar. After the mixture was stirred at room 

temperature for 108 h under 55 atm H2 pressure, the solvent was removed by rotary 

evaporation, the residue was taken up in Et2O and filtered through a pad of diatomaceous 

earth, and the solvent was again removed by rotary evaporation. The crude product was 

recrystallized from CH2Cl2 to give the product as clear crystals with a yield of 98.1%. 
1H NMR (299.8 MHz, FC-72): δ 6.47 (2H, s, o-C6H3), δ 6.15 (1H, s, p-C6H3), δ 1.90 (4H, 

t, J = 6.9 Hz, CH2CH2CH2C8F17), δ 1.35 (4H, m, CH2C8F17), δ 1.24 (4H, m, 

CH2CH2C8F17). Anal. cald. for C28H15BrF34: C, 31.22; H, 1.40; F, 59.96. Found: C, 

31.49; H, 1.26; F, 60.23. 

 

5.3.7.3 Synthesis of [3,5-(CH2CH2CH2C8F17)2C6H3]3P (8) 

 Because of the low solubility of the aryllithium reagent of 7 in Et2O, the reaction 

was carried out at room temperature. 6 g (5.57 mmol) of 7 and 120 mL of Et2O were 

added to a 300 mL round-bottom flask fitted with a rubber septum. The solution was 

stirred under argon while 4.233 mL (10.58 mmol, 1.9 equiv.) of 2.5 M n-butyllithium in 

hexanes was added quickly through a needle. After one hour, 138 µL of PCl3 was added, 

and the solution was allowed to stir for another 2 hours. The solvent was then removed 

by rotary evaporation, giving the crude product, 8, as a faint yellow solid. The product 

did not need to be purified before the next step of the reaction. 1H NMR (299.8 MHz, 

acetone-d6): δ 7.26 (1H, s, p-C6H3), δ 7.10 (2H, d, J = 7.8 Hz, o-C6H3), δ 2.79 (12H, t, J = 

7.3 Hz, CH2CH2CH2C8F17), δ 2.21 (12H, m, CH2C8F17), δ 1.99 (12H, m, CH2CH2C8F17). 
31P NMR (121.4 MHz, acetone-d6): δ –4.15 (s). 
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5.3.7.4 Synthesis of [3,5-(CH2CH2CH2C8F17)2C6H3]3CH3P
+
 CH3OSO3

–
 

(PCH3ArF102CH3OSO3) 

Methylation of the fluorophilic phosphine 8 to give PCH3ArF102CH3OSO3 was 

performed in analogy to a procedure reported previously.119 To the crude product from 

the previous reaction (theoretically containing 4.8 g of 8) was added 96 mL 

benzotrifluoride (BTF) and 3.03 mL (31.7 mmol) of dimethyl sulfate. The mixture was 

refluxed while stirring under argon, and 1H NMR samples were periodically taken to 

check reaction progress. After 48 h, the reaction was determined to be complete, and the 

solvent was removed by rotary evaporation. The product was purified by running an 

Et2O/BTF solvent mixture (1:1) through a deactivated silica gel column until all the color 

on the column eluted. The product was then collected by running an EtOH/BTF (1:1) 

solvent mixture through the column. The solvent was evaporated by rotary evaporation 

and the residue was taken up in 50 mL perfluorohexanes and washed with acetone (3 x 50 

mL). The solvent was again removed by rotary evaporation and then under vacuum for 

48 h to give the product as a clear, waxy solid in greater than 50% yield (over the course 

of the last two steps). 1H NMR (299.8 MHz, acetone-d6): δ 7.94 (6H, d, J = 13.5 Hz, o-

C6H3), δ 7.82 (3H, s, p-C6H3), δ 3.38 (3H, s, CH3OSO3
–), δ 3.28 (3H, d, J = 14.1 Hz, 

CH3P), δ 3.03 (12H, t, J = 7.6 Hz, CH2CH2CH2C8F17), δ 2.36 (12H, m, CH2C8F17) δ 2.10 

(12H, m, CH2CH2C8F17). 
31P NMR (121.4 MHz, acetone-d6): δ 22.62 (1P, s). MS m / z 

(relative intensity, ion): 3039.30 (4.7%, M+), 3038.30 (25.3%, M+), 3037.31 (87.0%, M+), 

3036.31 (100%, M+), 3019.32 (2.6%, M+ – HF), 3018.31 (11.1%, M+ – HF), 3017.32 

(35.8%, M+ – HF), 3016.32 (44.1%, M+ – HF), 2998.30 (1.3%, M+ – 2 HF), 2997.30 

(3.0%, M+ – 2 HF), 2996.30 (4.4%, M+ – 2 HF). Anal. cald. for C86H51F102O4PS: C, 

32.80; H, 1.63. Found: C, 32.91; H, 1.69. 

 

5.3.7.5 Synthesis of [3,5-(CH2CH2CH2C8F17)2C6H3]3CH3P
+
 B[3,5-(C8F17)2C6H3]4

–
 

(PCH3ArF102BArF136) 

 The fluorophilic electrolyte salt PCH3ArF102BArF136 was synthesized by a 

metathesis reaction between 0.928 g (0.336 mmol) Na+ B[3,5-(C8F17)2C6H3]4
– and 0.720 

g (0.229 mmol) fluorophilic phosphonium salt, PCH3ArF102CH3OSO3, in 20 mL H2O 
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and 20 mL perfluorohexanes. After the fluorous layer was washed with H2O (3 x 20 mL) 

and then with acetone (3 x 20 mL), the solvent was removed by rotary evaporation and 

then under vacuum for 48 h to give PCH3ArF102BArF136 as a clear, waxy solid in 

quantitative yield. 1H NMR (299.8 MHz, FC-72): δ 7.76 (8H, s, o-C6H3B), δ 7.47 (4H, s, 

p-C6H3B), δ 7.40 (3H, s, p-C6H3P), δ 6.93 (6H, d, J = 13.8 Hz, o-C6H3P), δ 2.63 (12H, t, 

J = 6.3 Hz, CH2CH2CH2C8F17), δ 2.08–1.74 (24H, m, CH2CH2C8F17), δ 1.58 (3H, t, J = 

13.2 Hz, CH3P), 31P NMR (121.4 MHz, acetone-d6): δ 22.44 (1P, s). 

 

5.3.7.6  Synthesis of Na
+
 B[3,5-(C8F17)2C6H3]4

–
 

 1- Bromo-3,5-(perfluorohexyl)benzene was synthesized according to a previously 

described procedure.70 5.00 g of a mixture of 1-bromo-3,5-bis(perfluorohexyl)benzene 

and 1,3,5-tris(perfluorohexyl)benzene (5.6:1, 4.06 mmol:0.726 mmol) and 250 mL Et2O 

were added to a round-bottom flask. The solution was cooled to -78 ˚C before adding 

4.89 mL (8.31 mmol) 1.7 M t-butyllithium in pentane followed by 0.914 mL (0.914 

mmol) 1.0 M BCl3 in hexane 60 min later. The solution was then allowed to warm to 

room temperature before 200 mL of H2O was added and the water layer was saturated 

with NaCl. After extraction with Et2O (3 x 100 mL), the solution was dried with MgSO4, 

filtered, and the volatiles were removed by rotary evaporation. The residue was taken up 

in a small amount of BTF and purified by running BTF through a silica gel column until 

the impurities eluted. The product was then collected by running MeOH through the 

column. The solvent was evaporated by rotary evaporation, giving Na+ 

B[3,5-(C8F17)2C6H3]4
– (tetrahydrate) as clear crystals with 75% yield. 1H NMR (299.8 

MHz, acetone-d6): δ 7.72 (8H, s, o-C6H3), δ 7.60 (4H, s, p-C6H3). MS m / z (relative 

intensity): 3667.22 (3.4%), 3666.22 (26.4%), 3665.23 (83.2%), 3664.23 (100%), 3663.21 

(9.7%). Anal. cald. for C88H20BF136NaO4: C, 28.12; H, 0.54. Found: C, 28.20; H, 0.71. 
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5.4 Results and Discussion 

5.4.1 Synthesis 

 

 

Scheme 1. Synthesis of a methyl sulfate salt of the fluorophilic phosphonium cation. 
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Because fluorous phases are the most nonpolar, nonpolarizable liquids known and 

ions are inherently polar, a fluorophilic ion must bear several perfluoroalkyl chains 

(“ponytails”) to facilitate a significant solubility in fluorous solvents. In order to 

incorporate these ponytails and to partially delocalize the positive charge, our original 

intention was to prepare a tetraphenylphosphonium derivative with two fluorous 

ponytails per aryl group, giving a cation with a total of eight ponytails. In the 

corresponding case of a fluorophilic anion, such as the fluorophilic borate NaBArF104, 

the strong electron withdrawing properties of the fluorous ponytails assist in the 

delocalization of the negative charge. However, in the case of a fluorophilic cation, the 

perfluoroalkyl groups destabilize the positive charge center. In order to mitigate the 

electron-withdrawing effect of the perfluoroalkyl groups on the already electron-deficient 

center, propylene spacers were therefore inserted between the aryl groups and the 

fluorous ponytails.97  

As shown in Scheme 1, the synthesis of the fluorophilic phosphonium methyl 

sulfate salt, PCH3ArF102CH3OSO3, was started with a Wittig reaction to prepare the 

unsaturated, polyfluoroalkylated bromobenzene 6. Initial attempts to hydrogenate the 

olefinic bonds of 6 with H2 and a Pd/C catalyst were successful but, as observed 

elsewhere,159,160 the Pd/C catalyst was not sufficiently selective, resulting in reductive 

debromination. However, use of a Rh/C catalyst159 under 55 atm of H2 afforded the 

desired product, 7, in high yield. Due to the low solubility of the aryllithium reagent of 7 

in most organic solvents, arylation of PCl3 had to be carried out at room temperature, 

forming the fluorophilic triarylphosphine precursor 8. 

Attempts to synthesize a symmetrical tetraarylphosphonium salt by arylation of 8 

with another fluorophilic aryl group using NiBr2 or CoCl2 catalyst, following procedures 

reported for the synthesis of the unsubstituted tetraphenylphosphonium ion161,162 were 

unsuccessful. Moreover, the reaction of a Grignard reagent of bromobenzene with 8 in 

the presence of oxygen according to another known procedure for 

tetraphenylphosphonium synthesis163 gave the phenylated product albeit in small 

amounts, while a similar reaction of a Grignard reagent of 7 with 8 yielded no detectable 

tetraarylphosphonium product. This is probably in part due to the fact that even the 
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propyl spacers are not able to completely shield the phosphorus from the electron-

withdrawing effect of the fluorous ponytails.97 Besides this electronic effect, there may be 

also steric hindrance in the fluorophilic phosphine 8, preventing quaternization with 

another bulky fluorophilic aryl group. However, quaternization of the phosphine 8 was 

successfully achieved by methylation with dimethyl sulfate. Fortuitously, six fluorous 

ponytails suffice to make the fluorophilic phosphonium methyl sulfate salt, 

PCH3ArF102CH3OSO3, highly soluble (greater than 14 mM) in perfluorohexanes, 

perfluoro(perhydrophenanthrene), and perfluoro(methylcyclohexane). 

 

5.4.2 Fluorous Anion-Exchanger Membranes 

While we previously reported on fluorous cation-selective membranes, this work 

describes the first fluorous anion-selective electrode membranes. Here, perfluoro(per-

hydrophenanthrene), PFPHP, was used as the fluorous liquid matrix, the new 

fluorophilic cationic site, PCH3ArF102CH3OSO3, as ion-exchanger salt (2 mM), and the 

new fluorophilic salt, PCH3ArF102BArF136, as electrolyte salt (10 mM) to reduce the 

membrane resistance.  
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Figure 3. PFOS
– calibration curve measured with a fluorous membrane anion-exchanger 

electrode (outer filling solution: 0.1 mM KPFOS, 10 µM KCl). The sample solution 

contained a constant 10 µM KCl background at all PFOS
– concentrations. 

 

A perfluorooctanesulfonate (PFOS
–) calibration curve measured with an electrode 

comprising a fluorous anion-selective membrane is shown in Fig. 3. In the linear region 

between 10–4 and 10–7 M, the electrode responds in the expected “Nernstian” fashion, i.e., 

a 59 mV decrease in potential for every ten-fold increase in the PFOS
– activity is 

observed. Below 10–7 M, the potential remains relatively constant and thus indifferent of 

the PFOS
– activity, indicating that the detection limit of the sensor has been reached.  

Fig. 4 shows anion selectivities of the fluorous anion-exchanger, along with the 

selectivities of a PVC/oNPOE and a PVC/chloroparaffin anion-exchanger for 

comparison. In our previous work, an analogous fluorous cation-exchanger membrane 

composed of perfluoro(perhydrophenanthrene), PFPHP, and the fluorophilic borate, 

NaBArF104, exhibited a selectivity range nearly 8 orders of magnitude wider than a 

comparable lipophilic sensor membrane.118 The selectivity increase was attributed to the 

use of a fluorous sensor matrix, which offers very little stabilization to ions dissolved in 

the membrane. However, the anion-exchanger selectivities of the fluorous membranes are 

not as significantly different from those of non-fluorous membranes, except in the cases 
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of perfluorooctanoate (PFO
–) and perfluorooctanesulfonate (PFOS

–). It may be that 

selectivities are only affected by the fluorous matrix to a relatively small degree because 

the phosphonium cation coordinates some of the smaller, more hydrophilic ions — an 

effect that would be amplified by the highly inert fluorous matrix. Indeed, such 

coordination has been reported for phosphonium ions with F–,164,165 NO2
–,166 and 

alkanolates.167 

 

 

Figure 4. Logarithmic representation of the selectivities of (A) the fluorous anion-

exchanger membrane (2 mM PCH3ArF102CH3OSO3 and 10 mM PCH3ArF102BArF136 

in PFPHP) and two lipophilic anion-exchanger membranes for reference, i.e., (B) a 

PVC/chloroparaffin membrane containing 5% (w/w) tridodecylmethylammonium 

chloride, and (C) a PVC/oNPOE membrane also containing 5% (w/w) 

tridodecylmethylammonium chloride. 
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Interestingly, the fluorous membranes exhibit very high selectivities for the 

fluorinated anions PFOS
– and PFO

– (log pot

PFOS,Cl −−K  = 10.6 , log pot

PFO,Cl −−K  = 7.4). Also, 

the selectivity of the fluorous membrane for PFO– is 1.4 orders of magnitude better than 

the PVC/chloroparaffin membrane. While it would be desirable to also compare to the 

PFOS
– selectivity of the PVC/chloroparaffin membrane and the PFO

– and PFOS
– 

selectivities of the PVC/oNPOE membranes, the poor detection limits of those electrodes 

prevented the determination of those values. In those cases, the solubility of the 

potassium salt of PFOS
– or PFO

– in water seems to be lower than the detection limits of 

the non-fluorous membrane sensors, which were caused by strong fluxes of PFOS
– or 

PFO
– from the sample to the inner filling solution through the sensor membrane.15,16,18 

 

5.4.3 Detection Limit 

Perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic acid (PFOA), the 

conjugate acids of PFOS
– and PFO

–, along with several other perfluorinated acids, have 

received increasing attention as they were shown to be exceedingly persistent and 

bioaccumulative in humans and wildlife, and are potentially toxic.168-171 These 

compounds have been manufactured for over 40 years for use in fabric, leather, and 

apparel treatments, as processing aids in the manufacture of fluorinated polymers, in food 

packaging, fire-fighting foams, insecticides, and in many of other applications. Beginning 

in 2000, 3M, the major U.S. manufacturer of perfluorinated acids, voluntarily phased out 

their production, but products containing these compounds are still in use and continue to 

contribute to environmental contamination. 

Currently, perfluorinated acids are quantified by LC/MS/MS, often using solid-

phase extraction as a pre-concentration step.172,173 However, as toxicity studies, wildlife 

and human distribution studies, and drinking water contamination studies continue, it 

would be highly desirable to have a less expensive and time-consuming technique 

available to measure perfluorinated acids. The exceptionally high selectivity for PFOS
– 

and PFO
–, along with the low cost and short time required per measurement suggests that 

the fluorous anion-exchanger presented here could be uniquely suited for routine 

quantification of perfluorinated acids. One could even take advantage of the selectivity 
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between PFOS
– and PFO

– ( pot

PFOS,PFOA −−K  = 3.2) to use the fluorous anion-exchanger as a 

PFOS
–-selective sensor. Additionally, receptors could also be incorporated into the 

membrane to tune the selectivity of the sensor for specific perfluorinated acids.  

The major limitation of the fluorous anion-exchangers described here is their 

detection limit. While the detection limit of an LC/MS/MS system is on the order of 1 

pM, the detection limit of the fluorous anion-exchanger system (with the physical setup 

described in this work) is on the order of 0.1 µM. Fortunately, methods for lowering the 

detection limit of ion-selective electrodes, even down to the picomolar level, are 

becoming routine, and the theoretical underpinnings are well established.15,16,18 For ISEs 

containing an inner filling solution, detection limits are usually caused by fluxes of ions 

from the inner filling solution (higher concentration), through the sensing membrane, to 

the sample solution (lower concentration). This causes the concentration of ions in the 

thin, unstirrable water layer at the sensor surface to be different than the concentration in 

the solution bulk. Therefore, in order to lower the detection limit of an ISE, one must 

reduce the flux of ions through the sensor membrane. 

Several methods for reducing ion fluxes were demonstrated. One of the most 

effective methods is to buffer the concentration of primary ions in the inner filling 

solution at a low concentration, thereby reducing the concentration gradient between the 

inner filling solution and sample solution. For metal ions, a chelator such as 

ethylenediaminetetraacetic acid (EDTA) can be used. For many other ions, like PFOS
– 

and PFO
–, a strongly binding chelator (in water) may not exist. In these cases, ion-

exchanger beads can be used instead.174 In this work, we used anion-exchanger beads to 

buffer the PFOS
– activity in the inner filling solution. 
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Figure 5. PFOS
– calibration curves of five fluorous electrodes with different inner filling 

solution compositions. Buffer 1-4 are inner filling solutions containing anion-exchanger 

beads to buffer the activity of PFOS
–. PFOS

– activities decrease from buffers 1 to 4, but 

have a ~1 mM Cl– activity. The sample solutions contained a constant 1 mM KCl 

throughout measurement of the calibration curves. 

 

In order to find the optimal inner filling solution composition that would provide 

the lowest detection limit for the fluorous anion sensor, electrodes were made with 

varying inner filling solution compositions, buffered with anion-exchanger beads, and 

their calibration curves were measured. Fig. 5 shows the resulting calibration curves; an 

electrode with a 0.1 mM PFOS
– inner filling solution is shown for reference. The buffer 

PFOS
– activities decreased from buffer 1 to buffer 4, from ~10-5 to ~10-8 (see section 

5.3.5). 

While the electrode containing buffer 1, showed a very similar response as the 

electrode containing a 0.1 mM PFOS
– inner filling solution, buffers 2, 3, and 4 showed 

marked deviation. Evidently, buffers 3 and 4 contained a lower than optimal activity of 

PFOS
–, since the calibration curves exhibited “super-Nernstian” responses below 1 µM 
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PFOS
–. The steeper slopes indicate that there were significant ion fluxes in the reverse 

direction: from the sample solution into the inner filling solution. In this case, the thin, 

unstirrable layer next to the sensor membrane was being depleted of ions (moving toward 

the inner filling solution) faster than they could be replenished from the solution bulk. 

This caused the electrode response to indicate a lower concentration than that of the 

solution bulk. 

The electrode containing buffer 2 showed the best response and exhibited only a 

slight super-Nernstian response. This indicates that the inner filling solution contained the 

optimal PFOS
– activity. Using this inner filling solution, the detection limit decreased 

from 0.1 µM (for an 0.1 mM inner filling solution) to 0.01 µM. Clearly, other techniques 

will also need to be implemented in order to lower the detection limit further. In the 

future, we will improve the detection limit by using a solid-contact rather than an inner 

filling solution and by using a fluorous polymeric membrane rather than a supported 

liquid phase membrane (the higher viscosity of a polymeric membrane slows ion fluxes). 

We are already pursuing the implementation of these techniques to improve the detection 

limits for the practical use of these sensors in the measurement of PFOS
– and other 

conjugate bases of perfluorinated acids. 

 

5.4.4 Phosphonium Oxidation 

 

 

Figure 6. Stir test with fluorous anion-exchanger electrodes in KF solutions of different 

concentrations. The electrode outer filling solution was 1 mM KF while the inner filling 

solution was 1 mM KCl. 
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The anion-selective fluorous membrane sensors exhibited Nernstian responses 

and fast response times (less than 1 min) when measuring NO3
–, I–, and Br–. Response 

times were somewhat slower (between 1 and 5 min) for PFOS
–, PFO

–, and Cl–. 

However, when measuring the ions F–, OAc–, NO2
–, OH–, and HCO3

–, the fluorous 

electrodes exhibited very noisy responses, and in some cases response times increased to 

over 30 min. For these ions, the response was strongly dependent on the rate of stirring of 

the sample, as shown in Fig. 6 for the response of a fluorous anion-exchanger exposed to 

different sample KF concentrations. A stir rate dependence is often observed when 

significant fluxes of ions between the sample and the electrode inner filling solution 

occur. In Fig. 6, the solution in contact with the back side of the sensor membrane 

contained 1 mM KF while the concentration of KF in the sample solution was lowered 

from 100 mM to 0.1 mM. If ion fluxes were the cause of the stir rate dependence, the 

response to stirring would reverse as the ion concentration gradients reverse.175 However, 

at sample concentrations above and below the inner filling solution concentration, the stir 

rate response remained the same. 

 A better explanation for the unusual stir rate dependence is that the phosphonium 

salt is unstable and degrades in the presence of those anions that cause the noisy, stir rate 

dependent responses. When a PFPHP solution of the fluorophilic phosphonium salt was 

stirred at room temperature for 24 hours in the presence of an aqueous 1 M NaOH 

solution, we observed by 31P NMR spectroscopy that the fluorophilic phosphonium 

cation decomposed to form a phosphine oxide. This type of oxidative cleavage is known 

and has even been used for the preparation of certain fluorous phosphines.176 

Mass spectrometry measurements revealed that the decomposition of the 

phosphonium cation is accompanied by loss of an aryl group, and results in formation of 

the phosphine oxide 9, which is insoluble in PFPHP (Scheme 2). Evidently, the stir rate 

dependence and noisy electrode response is caused by oxidation of the phosphonium 

cationic site in the presence of weakly basic anions. Specifically, ions such as NO3
–, I–, 

and Br–, which have only an extremely weak affinity for protons (pKa values of the 

conjugate acids are –1.5, –10, and –9, respectively) show no stir rate dependence, while 

the more basic ions F–, NO2
–, and OAc– (pKa values of conjugate acids are 3.2, 3.3, and 
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4.8, respectively) show a strong stir rate dependence. It appears likely that the anions play 

the role of general base catalysts, promoting the decomposition of the phosphonium ion 

the better the higher their base strength is. 

 

 

Scheme 2. Oxidation of fluorophilic phosphonium cation in a 

perfluoro(perhydrophenanthrene) (PFPHP) matrix when paired with a weakly basic 

anion (B–) in the presence of water. 

 

5.5 Conclusions 

 The highly fluorophilic character of the phosphonium salt PCH3ArF102CH3OSO3 

allowed its use as a cationic site in the first fluorous anion-selective electrode. While the 

limited stability of the fluorophilic phosphonium salt in the presence of certain anions 

with appreciable basicity necessitates the development of a new, more stable fluorophilic 

cationic site, the fluorous anion-exchanger showed exceptionally high selectivity for 

PFOS
– and PFO

–. In future work, we will implement methods15,16,18,177 to lower the 

detection limit of the fluorous anion-selective electrode, which should make it an 

attractive sensor for routine measurement of perfluorinated acids. The fluorophilic 

phosphonium salt presented here could also find other application. The uniquely high 

solubility of the salt in fluorous solvents and its relatively uncomplicated synthesis could 

make it an attractive phase-transfer catalyst for fluorous biphasic catalysis61,96. It could 
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also find uses as an electrolyte salt in the new field of fluorous voltammetry178 and in 

battery and fuel cell technology. 
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5.6 Supporting Information 

5.6.1 Other Attempts to Develop a Fluorophilic Cation 

Before the synthesis of the fluorophilic phosphonium salt PCH3ArF102CH3OSO3, 

several other ions were investigated for use as fluorophilic cationic sites. First, the 

lipophilic salt tetradodecylammonium chloride (Fig. S1a) was tested for solubility in 

perfluoro(perhydrophenanthrene), but was found to be insoluble for our purposes (the 

solubility was insignificant enough that a saturated PFPHP sensing phase did not exhibit 

a Nernstian response). A series of fluorinated pyridinium and isoquinolinium salts were 

then synthesized (Fig. S1b-e, see section 6.7 for more information), but were also found 

to be insoluble. Since a delocalized charge is advantageous for the solubility of ions in 

nonpolar solvents, a perfluoroalkylated imidazolium salt (Fig. S1f) with two fluorous 

ponytails was synthesized, but was again found to be insoluble in fluorous solvents. In 

another attempt, a fluorinated ammonium salt was synthesized bearing three fluorous 

ponytails (Fig. S1g, see section 3.3.2.1 for more information). That salt was also 

insoluble in fluorous solvents, indicating that a fluorophilic cation would need even more 

fluorous character to be soluble. Our original aim to synthesize the symmetrical, 

tetraarylated phosphonium salt tetrakis[3,5-bis(1H,1H,2H,2H-perfluorodecyl)-

phenyl]phosphonium methylsulfate would have produced a cation with eight fluorous 

ponytails, but the final arylation step proved unfeasible in our hands. Instead, the 

triarylated phosphonium cation was methylated to give PCH3ArF102CH3OSO3, a salt 

bearing six fluorous ponytails, evidently making it fluorophilic enough to exhibit a 

significant solubility in fluorous solvents.  
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Figure S1. Various salts tested for solubility in perfluoro(perhydrophenanthrene) for use 

as fluorophilic cationic sites. 

 

5.6.2 Synthesis 

All reagents were of the highest commercially available purity and were used as 

received. Perfluorohexanes (FC-72) was purchased from 3M (St. Paul, MN, USA). 

1H,1H,2H,2H-perfluorodecyliodide and imidazole were purchased from Alfa Aesar 

(Ward Hill, MA). 

 

5.6.2.1 Synthesis of 1,3-bis(1H,1H,2H,2H-perfluorodecyl)imidazolium iodide (Fig. S1g) 

The synthesis of 1,3-bis(1H,1H,2H,2H-perfluorodecyl)imidazolium iodide is a 

derivative of a previously reported procedure.179 0.5 g of imidazole and 1.69 g of 

1H,1H,2H,2H-perfluorodecyliodide were dissolved in 8.8 mL of ethyl acetate and 

refluxed overnight under argon. The reaction mixture was cooled to room temperature, 

washed (3 x H2O), all volatiles were removed, and the remaining residue was extracted 

with perfluorohexanes. The perfluorohexanes was evaporated and the remaining residue 

was added to 8.8 mL toluene with 1.69 g 1H,1H,2H,2H-perfluorodecyliodide. The 

solution was refluxed overnight under argon. Upon cooling to room temperature, the 

resulting precipitate was collected and extracted in perfluorohexanes to give the product 

as clear crystals. Yield: 2.5%. 1H NMR (300 MHz, acetone-d6, δ): 9.75 (1H, s, NCHN), 

8.11 (2H, s, NCHCHN), 4.97 (4H, t, J = 6.9 Hz, NCH2), 3.21 (4H, m NCH2CH2). 
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6.1 Abstract 

 

 

 

Organic solvents have been used extensively as solvents for electrochemistry due 

to their wide-ranging solvent environments that provide distinctive solubility, stability, 

and reactivity characteristics to electroactive species dissolved in them. Solvents of low 

polarity are of particular interest, but due to their high resistance, they often require the 

use of a lipophilic electrolyte salt to increase their conductivity. Despite many efforts to 

push the limits of electrochemistry toward lower polarity solvents, so far no one has 

performed electrochemistry in a fluorous solvent — the most nonpolar and 

nonpolarizable class of solvents known.  In this work, we demonstrate for the first time 

voltammetry in a fluorous solvent, specifically perfluoro(methylcyclohexane), by means 

of the novel fluorous electrolyte salt tetrabutylammonium tetrakis[3,5-bis(perfluoro-

hexyl)phenyl]borate. On the π* scale of solvent polarity/polarizability, where 

dimethylsulfoxide defines 1 and cyclohexane 0, perfluoro(methylcyclohexane) can be 

found at -0.48, demonstrating its highly fluorous character. The electrochemical window 

spans 4.2 V, from +1.9 to –2.3 V vs. Fc/Fc
+. While cyclic voltammograms of a ferrocene 

solution measured with a Pt microelectrode exhibit the expected sigmoidal shape but are 

slightly distorted due to precipitation of a ferrocenium salt, sampled-current voltammetry 

avoids this distortion. 
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6.2 Introduction 

Organic solvents have found extensive application as solvents for 

electrochemistry.76 Their wide-ranging solvent environments provide distinctive 

solubility, stability, and reactivity characteristics to electroactive species dissolved in 

them.76,180 A special focus has been placed on the use media of very low polarity.  

Through the development of electrochemically stable, lipophilic electrolytes,181 

electrochemistry was demonstrated with low polarity solvents such as cyclohexane,83 

heptane,182 and super-critical CO2.
183 While many of these solvents have no permanent 

dipole moment, they still exhibit a significant degree of polarizability. Fluorous solvents, 

on the other hand, have a very low polarizability, resulting in very weak van der Waals 

forces among them and making them the most nonpolar solvents known.61 

Because of their extremely low polarity, fluorous phases are an attractive class of 

solvents to probe the electrochemical behavior of species at near gas-phase 

conditions.184,185 Additional advantages arise from the exceptional level of chemical 

inertness of perfluorocarbons. Indeed, fluorous solvents have also become an important 

synthetic tool for catalytic syntheses61,96 and separation techniques.186 Electrochemistry in 

these solvents could allow online monitoring of reaction progress or separation 

efficiency. Other potential applications lie in battery technology and the study of fluorous 

monolayers61,187 and fluorous-modified nanoparticles.61,188 Since most fluorous materials 

are optically transparent well below 160 nm and only absorb in a limited range of 

wavelengths in the IR region,189,190 fluorous spectroelectrochemistry191 could also 

become an attractive analytical tool.  

Despite the many possible uses of electrochemistry with a fluorous solvent, 

voltammetry in a perfluorocarbon solvent has never been reported. Even the most 

lipophilic salts known are only sparingly soluble in a fluorous solvent, and any salt that 

does dissolve is heavily ion-paired.118,133 Geiger and LeSuer demonstrated voltammetry 

with perfluoro(methylcyclohexane) (PFMCH) and an electrolyte consisting of an 

imidazolium cation with a fluorous ponytail and tetrakis(3,5-trifluoromethyl)phenyl 

borate as anion, but they had to use the comparatively polar benzotrifluoride as co-

solvent in a 1:1 ratio to PFMCH.192 We demonstrated previously the first potentiometric 
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sensors based on a fluorous membranes using perfluoro(perhydrophenanthrene) as the 

membrane matrix and sodium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate (NaBArF104) 

to provide for ionic sites.118,133 The receptor-free and receptor-doped143 sensors displayed 

excellent selectivities and show promise to reduce biofouling. However, the low 

solubility of the salt (1 mM) and extremely large ion-pairing (log Kip values from 14 to 

16) resulted in bulk resistances far too large for any electrochemical technique requiring 

significant current. In this work, using the novel fluorous electrolyte tetrabutylammonium 

tetrakis[3,5-bis(perfluorohexyl)phenyl]borate (NBu4BArF104, Fig. 1), we report the first 

demonstration of voltammetry in a fluorous solvent, specifically PFMCH (Fig. 1). This 

compound makes an excellent representative solvent as its π* value (–0.48) and dielectric 

constant (1.84) are very low even among fluorous phases.193 

 

 

Figure 1. Structures of perfluoro(methylcyclohexane) (PFMCH) and tetrabutyl-

ammonium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate (NBu4BArF104). 

 

6.3 Experimental 

6.3.1 Materials and Methods 

All reagents were of the highest commercially available purity. 

Perfluoro(methylcyclohexane) was used as received from Alfa Aesar (Ward Hill, MA). 

Tetrabutylammonium chloride was used as received from Fluka (Milwaukee, WI). 

Sodium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate tetrahydrate was prepared 

according to a previously described procedure.118  
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6.3.2 Synthesis 

6.3.2.1 Synthesis of NBu4BArF104 

NBu4BArF104 was synthesized by a metathesis reaction between tetrabutyl-

ammonium chloride and sodium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate. 10 g of 

sodium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate tetrahydrate and 1.033 g of 

tetrabutylammonium chloride were added to a separatory funnel containing 300 mL 

water and 300 mL FC-72 (perfluorohexanes). The mixture was shaken until all of the salt 

dissolved. The FC-72 layer was collected, washed with 300 mL water three times, and 

dried with MgSO4, and filtered. The solvent was removed by rotary evaporation and then 

under vacuum at 75 ºC for 48 hours, yielding NBu4BArF104 as a colorless, wax-like 

material in quantitative yield. 1H NMR (500 MHz, FC-72, δ): 0.507 (t, JHH = 7.2 Hz, –

CH3, 12H), 0.75–0.90 (m,  –CH2CH3, 8H), 1.04–1.19 (m, NCH2CH2–, 8H), 2.42–2.58 

(m, NCH2–, 8H), 7.31 (s, p-ArH, 4H), 7.51 (s, o-ArH, 8H).  

 

6.3.3 Differential Scanning Calorimetry 

The glass transition temperature of NBu4BArF104 was determined using a Q1000 

Thermal Analyzer (TA Instruments, New Castle, Delaware). The sample was allowed to 

thermally equilibrate at 25 °C for 5 min, cooled to –80 °C at a rate of 20 °C/min, allowed 

to thermally equilibrate for 5 min, heated to 100 °C at a rate of 20 °C/min, allowed to 

thermally equilibrate for 5 min, cooled to –80 °C at a rate of 20 °C/min, allowed to 

thermally equilibrate for 5 min, and then heated to 100 °C at a rate of 20 °C/min. The 

glass transition temperature was calculated from the observed heat flow profile during the 

final temperature ramp. 

 

6.3.4 Resistance Measurements 

The specific resistance of the 80.5 mM NBu4BArF104/PFMCH solution was 

measured by impedance spectroscopy using a homemade cell. A Solartron SI 1287 

electrochemical interface was used in combination with a Solartron 1255B frequency 

response analyzer at an AC amplitude of 100 mV, swept over a frequency range from 

100,000 Hz to 10 Hz, using a DC offset equal to that of the open circuit potential. 
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Solution resistance was then determined by a fit of the resulting complex impedance plot 

to a model circuit consisting of a resistor in series with a parallel resistor/capacitor. The 

cell was made of two polished stainless steel disks separated by a poly(tetrafluoro-

ethylene) (PTFE) ring (0.2 cm thick, 0.7 cm inner diameter). In each measurement, the 

fluorous solution was injected into the cell, the cell was placed in a PTFE pocket, and the 

pocket was suspended in a thermostated water bath. All samples were placed in the bath 

for at least 20 minutes prior to measurement. The cell constant was determined by a KCl 

conductivity standard purchased from Sigma-Aldrich. 

 

6.3.5 Cyclic Voltammetry Measurements 

Voltammetry was performed with a CHI600C Potentiostat in combination with a 

CHI200B Picoamp Booster and Faraday Cage (CH Instruments, Austin, TX). A 10 µm Pt 

microelectrode from Bioanalytical Systems (West Lafayette, IN) was used as the working 

electrode, while a coiled Pt wire was used for the auxiliary electrode and a separate Pt 

wire was used as a quasi-reference electrode. All polishing equipment was purchased 

from Buehler (Lake Bluff, IL). The polishing procedure used is similar to a previously 

described method.194 Prior to each experiment, the working electrode was polished on 

Microcloth polishing pads, first with 5.0 µm Micropolish II deagglomerated alumina, 

then with 1.0 µm and 0.25 µm MetaDi Supreme polycrystalline diamond suspension, and 

lastly with 0.05 µm Micropolish II deagglomerated alumina. The polished electrode was 

then ultrasonicated in a Triton X-100 detergent solution for 3 minutes, rinsed, and dried. 

Water used for the detergent solution and for rinsing the electrode was deionized and 

charcoal-treated (≥18.2 MΩ cm specific resistance), obtained from a Milli-Q PLUS 

reagent-grade water system (Millipore, Bedford, MA). Generally, samples were not 

purged of oxygen in order to minimize loss of solvent (purging did not have a significant 

effect on the shape of the CV in the potential range necessary to observe Fc), except in 

the case of the measurement of background current (Fig. 3a), in which case the sample 

was purged with argon for 30 minutes prior to measurement.  

The resistance of the fluorous electrolyte solutions was large enough to cause 

distortion in the measured voltammograms due to iR drop. The effect of ohmic distortion 
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was corrected from the voltammograms post-experiment by subtracting the iR drop at 

each data point from its potential. The solution resistance was determined by fitting the 

most ideally-shaped portion of the cyclic voltammograms to an ideal CV curve for a 

reversible, one-electron process. For this measurement, the 24 ms delay sampled current 

voltammogram was used as it shows the least distortion. The value obtained in this 

manner for solution resistance was 147 MΩ. 

 

6.3.6 Sampled Current Voltammetry Measurements 

Sampled current voltammograms62 were extracted from successive pulsed 

amperometry experiments. In a typical pulsed amperometry experiment, the potential of 

the working electrode was first set to –0.5 V vs. a Pt pseudo-reference (non-faradaic 

region) for 10 s. Then the electrode potential was stepped up to a particular voltage in the 

faradaic region for another 10 s. The working electrode potential was cycled between 

these two voltages two more times, and after the last potential step, the current was 

rapidly sampled. A sampled-current voltammogram for a particular delay time was 

assembled by collecting the currents measured after the delay time following the last 

potential step for a range of potential steps covering the range of potentials in the 

sampled current voltammogram. The sampled current voltammograms were assembled in 

this way so that voltammograms could be assembled with a range of sampling delays 

without having to acquire new data.  

 

6.3.7 Determination of Sources of Limiting Potentials in the Electrochemical 

Window of Perfluoro(methylcyclohexane) 

The background window of the 80.5 mM NBu4BArF104/PFMCH solution was 

determined to be from +1.9 V to –2.3 V. In order to determine the possible cause of the 

reduction limit (i.e., to determine whether it is caused by the solvent or by the electrolyte 

salt), the reduction potentials of PFMCH and the electrolyte were determined 

individually in a Na-distilled THF solution containing 0.1 M NBu4ClO4. Addition of 20 

mM NBu4BArF104 to a 0.1 M NBu4ClO4/THF solution (purged for 30 min with argon) 

showed no significant change in the cyclic voltammogram. However, addition of 
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PFMCH yielded an ill-defined reduction peak at –2.9 V vs. Fc/Fc+ (Fig. 2), which is 

identical to a previously reported value.195  

To determine the source of the oxidation limit, a solution of 0.1 M NBu4PF6 in 

anhydrous acetonitrile (purged for 30 min with argon) was used as the electrochemical 

solvent medium, which exhibited an electrochemical window from +2.9 V to –2.6 V. 

Upon addition of 25 mM NBu4BArF104 or 25 mM PFMCH, no new oxidation or 

reduction peaks could be observed. Evidently, the oxidation of both NBu4BArF104 and 

PFMCH in acetonitrile must occur at positive potentials that are outside the 

electrochemical window of anhydrous acetonitrile. Since neither oxidation peak could be 

observed, we could not determine which oxidation potential was lower, and therefore the 

cause of the oxidation limit in the electrochemical window of the 80.5 mM 

NBu4BArF104/PFMCH solution could not be determined.  

 

 

Figure 2. CV curves of a 0.1 M NBu4ClO4/THF solution (black) containing 25 mM 

PFMCH (red), 50 mM PFMCH (orange), 75 mM PFMCH (green): scan rate = 10 

mV/s, T = 21 ºC.   
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6.4 Results and Discussion 

The fluorous electrolyte was synthesized by metathesis from NBu4Cl and 

NaBArF104 to give NBu4BArF104 as a colorless, wax-like material. Differential scanning 

calorimetry (DSC) revealed a glass-transition temperature of –21 ºC, showing that 

NBu4BArF104 is a highly viscous ionic liquid at room temperature. It has a high 

solubility (greater than 80 mM) in PFMCH, perfluorohexanes, perfluoroheptanes, and 

perfluoro(perhydrophenanthrene), and a solubility of 8 mM  in perfluoro-n-hexane. An 

80.5 mM solution of NBu4BArF104 in PFMCH was measured to have a specific 

resistance of 268 kΩ cm at 20.8 ºC. 

 

 

Figure 3. Cyclic voltammograms (CVs) of (a) PFMCH containing 80.5 mM 

NBu4BArF104, scan rate = 100 mV/s to show the background and (b) 6 mM ferrocene 

(Fc) and 80.5 mM NBu4BArF104 in PFMCH with varying scan rates. Data is corrected 

for solution resistance. 

 

Due to the high resistance of the fluorous electrolyte solution, a 10 µm Pt 

microelectrode was used as the working electrode to lower the current. This drastically 

reduced but did not completely eliminate ohmic distortion, so all data was corrected to 

remove remaining ohmic distortion. Pt wires were used for the auxiliary and reference 

electrodes. The background window of 80.5 mM NBu4BArF104 in PFMCH spans 4.2 V, 

from +1.9 to –2.3 V vs. Fc/Fc
+ (Fig. 3a). The reduction limit is similar to that reported by 

Geiger and LeSuer for the reduction limit of a 1:1 PFMCH/benzotrifluoride mixed 
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solvent system.192 However, the oxidation limit of the neat fluorous system is 0.6 V 

greater than that of the mixed solvent system. CVs of PFMCH and NBu4BArF104 in a 

0.1 M NBu4ClO4/THF solution revealed that the reduction limit is caused by reduction of 

PFMCH at –2.9 V. 

 

 

Figure 4. (a) CV curves of 2.7, 5.8, and 8.5 mM Fc in 80.5 mM NBu4BArF104/PFMCH: 

scan rate = 10 mV/s, T = 21 ºC.  (b) The same curves with current normalized, shown 

along with the ideal sigmoidal curve shape (dashed gray). (c) Sampled-current curves of 

Fc in 80.5 mM  NBu4BArF104/PFMCH with various sampling delays, also shown with a 

CV curve of the same solution (black curve): scan rate = 10 mV/s, T = 21 ºC. (d) Four of 

the curves from (c), but with current normalized and shown along with the ideal 

sigmoidal curve shape (dashed gray). 

 

Fig. 3b shows CVs of 6 mM Fc in 80.5 mM NBu4BArF104/PFMCH at various 

scan rates. The CVs do not display the perfectly ideal sigmoidal shape: each of the curves 

exhibits a slightly drawn out oxidation peak, and at higher scan rates the reduction curve 

appears to be peak-shaped rather than sigmoidal-shaped. Similar observations were 
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reported previously for other solvents of low polarity, such as benzene,196 1,2-

difluorobenzene,197 toluene,182 and heptane.182 This observation can be attributed here to 

precipitation of the ferrocenium salt, FcBArF104. Since mass transfer away from the 

surface of microelectrodes is fast, the precipitate dissolves readily and reduction of 

FcBArF104 (the cause of the peak-shaped reduction curve) is only observed at relatively 

fast scan rates.196  

Further evidence of ferrocenium precipitation was obtained by comparing CVs at 

varying Fc concentrations (Fig. 4a). Bond and Mann196 showed that lowering the 

concentration of Fc reduces the CV distortion caused by ferrocenium precipitation. 

Indeed, from a normalized plot of the CV curves at three different Fc concentrations, one 

can see that the effect almost disappears at lower concentrations (Fig. 4b). Interestingly, 

the diffusion-limited current (id) is not directly proportional to the Fc concentration. 

Though not specifically mentioned, the same effect can also be seen in Bond and Mann’s 

work, which we speculate to be caused by partially blocking of the electrode surface by 

FcBArF104. 

Because this sort of CV distortion is likely to be a problem observed again in 

future experiments with fluorous solvents, we applied sampled-current voltammetry as a 

way to obtain undistorted voltammograms. At shorter sampling delays, less precipitation 

can occur before the current is recorded at each potential. For short enough sampling 

delays, voltammograms without significant distortion from precipitation ought to be 

observed. Fig. 4c shows a CV curve of Fc (black curve), along with sampled-current 

curves at various sampling rates. From a normalized plot of the curves (Fig. 4d), it is 

evident that at shorter sampling delays, the shape of the voltammogram resembles the 

ideal sigmoidal shape very closely. However, at sampling delays less than 24 ms, 

additional distortion from stray capacitance is observed as a result of the high resistance 

of the cell. 

 

6.5 Conclusions 

Using the novel fluorous electrolyte salt, NBu4BArF104 we have demonstrated for 

the first time that voltammetry can be performed in a neat fluorous solvent. We are 
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currently investigating the use of fluorous media as new matrixes67 for voltammetric and 

amperometric sensors (particularly gas sensors) as they are expected to exhibit selectivity 

patterns differing significantly from those of conventional hydrophobic phases118,186 and 

have the potential to significantly reduce chemical and biological fouling. The wide 

electrochemical window and unique solvent environment of fluorous phases should 

provide an interesting medium for further experimentation. 
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6.6 Supporting Information: Preliminary Voltammetry Experiments 

in Benzotrifluoride/Perfluorohexanes Solvent Mixtures 

Before this work, voltammetry in a fluorous solvent was only been reported when 

a comparatively polar cosolvent was used: a 1:1 ratio of PFMCH and benzotrifluoride. 

While PFMCH (dielectric constant = 1.86, π* = –0.48) is very fluorous, benzotrifluoride 

(dielectric constant = 9.2, π* = 0.18) is considered a “semi-fluorous” solvent because of 

its high solubility in most fluorous and organic solvents.193 Geiger and LeSuer performed 

voltammetry in this solvent mixture by creating a novel electrolyte salt consisting of an 

imidazolium cation with a fluorous ponytail and tetrakis(3,5-trifluoromethyl)phenyl 

borate as the anion (Fig. S1).192 

 

 

Figure S1. Electrolyte salt used for voltammetry in 1:1 PFMCH/benzotrifluoride: 1-

(1H,1H,2H,2H-perfluorodecyl)-3-methylimidazolium tetrakis[3,5-bis(trifluoromethyl)-

phenyl]borate. 

 

In order be able to perform voltammetry in a purely fluorous solvent, a new 

electrolyte salt was needed because the electrolyte salt shown in Fig. 1 has a very low 

solubility in pure PFMCH. Before we discovered the high solubility of NBu4BArF104 in 

fluorous solvents, we attempted to use several other fluorinated salts. We began by using 

tetrakis(pentafluorophenyl)borate as the anion of our electrolyte salts because we had not 

yet synthesized NaBArF104 in our own lab. For the cation of our electrolyte salt, we 

synthesized a set of perfluoroalkylated pyridinium and isoquinolinium cations with 

varying perfluoroalkyl chain lengths. Once NaBArF104 was available to us, one more 

electrolyte salt was also synthesized from the anion of NaBArF104 and the most 

fluorophilic isoquinolinium cation. 
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In this supporting information, some of our first attempts to perform voltammetry 

in a fluorous solvent are reported. lH,lH,2H,2H-perfluorooctylpyridinium tetrakis-

(perfluorophenyl)borate (PyRf6BArF20), lH,lH,2H,2H-perfluorododecylpyridinium 

tetrakis(perfluorophenyl)borate (PyRf10BArF20), 1H,lH,2H,2H-perfluorooctyliso-

quinolinium tetrakis(perfluorophenyl)borate (IQRf6BArF20), lH,lH,2H,2H-perfluorodo-

decylisoquinolinium tetrakis(perfluorophenyl)borate (IQRf10BArF20), and 1H,lH,2H,2H-

perfluorooctylisoquinolinium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate 

(IQRf6BArF104) were evaluated as fluorophilic electrolyte salts in 

benzotrifluoride/PFMCH solutions of varying ratios. Decamethylferrocene was used as 

the electroactive species since it has a higher solubility in the solvent mixtures than 

ferrocene. 

  

6.6.1 Experimental 

6.6.2.1 Materials and Methods 

All reagents were of the highest commercially available purity. Perfluorohexanes 

(FC-72) and benzotrifluoride were used as received from Alfa Aesar (Ward Hill, MA). 

Sodium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate tetrahydrate (NaBArF104) was 

prepared according to a previously described procedure.118 lH,lH,2H,2H-perfluorooctyl-

pyridinium iodide, lH,lH,2H,2H-perfluorododecylpyridinium iodide, 1H,lH,2H,2H-

perfluorooctylisoquinolinium iodide, and lH,lH,2H,2H-perfluorododecylisoquinolinium 

iodide were all prepared according to a previously reported procedure.198 Lithium 

tetrakis(pentafluorophenyl)borate and decamethylferrocene were used as received from 

Aldrich (Milwaukee, WI). 

 

6.6.2.2 Synthesis of tetrakis(pentafluorophenyl)borate salts (PyRf6BArF20, 

PyRf10BArF20, IQRf6BArF20, and IQRf10BArF20) 

 A 1:1 molar ratio of lithium tetrakis(pentafluorophenyl)borate and the appropriate 

pyridinium or isoquinolinium salt were dissolved in CH2Cl2 (in the case of lH,lH,2H,2H-

perfluorooctylpyridinium iodide and 1H,lH,2H,2H-perfluorooctylisoquinolinium iodide) 

or benzotrifluoride with 5-10% dimethylsulfoxide (in the case of lH,lH,2H,2H-perfluoro-
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dodecylpyridinium iodide and 1H,lH,2H,2H-perfluorododecylisoquinolinium iodide). 

The solution was then washed (3 x H2O), dried with MgSO4, filtered, and dried in a bulb-

to-bulb tube oven. Yield: 60-80%. 

 

6.6.2.3 Synthesis of lH,lH,2H,2H-perfluorooctylisoquinolinium tetrakis[3,5-

bis(perfluorohexyl)phenyl]borate (IQRf6BArF104) 

 A 1:1 molar ratio of sodium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate 

tetrahydrate and 1H,lH,2H,2H-perfluorooctylisoquinolinium iodide were dissolved in 

benzotrifluoride. The solution was then washed (3 x H2O), dried with MgSO4, filtered, 

and dried in a bulb-to-bulb tube oven. Yield: >60%. 

 

6.6.2.4 Cyclic Voltammetry Experiments 

Voltammetry was performed with a CYSY-1 electroanalysis station (Cypress 

Systems, Chelmsford, MA). A 1.6 mm Au disk electrode from Bioanalytical Systems 

(West Lafayette, IN) was used as the working electrode, while a coiled Pt wire was used 

for the auxiliary electrode. The reference electrode was made of a silver wire in a sat. 

Ag[PF6] benzotrifluoride solution, separated from the sample solution by a porous glass 

junction. All polishing equipment was purchased from Buehler (Lake Bluff, IL). Prior to 

each experiment, the working electrode was polished on Microcloth polishing pads with a 

0.3 µm alumina micropolish. The polished electrode was then rinsed with water, 

ultrasonicated in water for 3 minutes, rinsed with EtOH, and dried. Water used for the 

ultrasonication and for rinsing the electrode was deionized and charcoal-treated (≥18.2 

MΩ cm specific resistance), obtained from a Milli-Q PLUS reagent-grade water system 

(Millipore, Bedford, MA). Samples were purged with argon for 20 minutes prior to 

measurement.  

 

6.6.3 Results and Discussion 

Fig. S2 shows cyclic voltammograms of decamethylferrocene obtained with each 

electrolyte salt, at various benzotrifluoride/perfluorohexanes ratios. Each experiment 

began by measuring a CV in a solution containing only benzotrifluoride as solvent. In 
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successive experiments, more and more perfluorohexanes was added. Addition of 

perfluorohexanes caused increased resistance in the solution, as indicated by greater peak 

separations and reduced peak currents. The increased resistance was a result of the 

overall lower polarity of the solvent mixture, causing a greater degree of ion pair 

formation, and by precipitation of the electrolyte salt, causing a lower concentration of 

the electrolyte salt. Eventually, after addition of enough perfluorohexanes, the CV 

distortion became overwhelming, at which point the experiment was stopped.  
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Figure S2. Cyclic voltammograms (scan rate = 100 mV/s, T = 21 ºC) of 

decamethylferrocene in various benzotrifluoride/perfluorohexanes solvent compositions 

with five different electrolyte salts. 

 

The relative effectiveness of a particular electrolyte salt can be assessed by 

comparing the degree of peak separation in CVs with similar solvent ratios. Since the 

amount of electrolyte salt ion pairing at a particular solvent composition is likely to be 

very similar between each of the electrolyte salts, the major factor contributing to the 

effectiveness of a particular electrolyte salt has to do with its solubility in a fluorous 

solvent (whether it precipitates at higher perfluorohexanes concentrations). Comparison 
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of CVs with IQRf6BArF20 (C) or IQRf10BArF20 (D) reveals that the six carbon long 

fluorous ponytails were more effective than the ten carbon long ponytails at increasing 

the fluorophilic character of the cations. While CVs in up to 50% perfluorohexanes were 

possible with IQRf6BArF20, even CVs with only 13% perfluorohexanes were highly 

distorted when IQRf10BArF20 was used. Comparison between the two pyridinium salts, 

PyRf6BArF20 (A), and PyRf10BArF20 (B), is difficult because the experiments were 

performed with different starting solution compositions. However, comparison between 

CVs with PyRf10BArF20 (B) and IQRf10BArF20 (D) indicates that the pyridinium moiety 

is more effective than isoquinolinium at increasing the fluorophilic character of the 

cations. While CVs in up to 45% perfluorohexanes were possible with PyRf10BArF20, 

CVs with only 13% perfluorohexanes were highly distorted when IQRf10BArF20 was 

used. Finally, comparison of CVs with IQRf6BArF20 (C) and IQRf6BArF104 (E) reveals 

that the tetrakis[3,5-bis(perfluorohexyl)phenyl]borate anion is significantly more 

fluorophilic than the tetrakis(pentafluorophenyl)borate anion. Using IQRf6BArF104 as 

electrolyte salt, CVs could be attained with 56% perfluorohexanes. 

 

6.6.4 Conclusions 

At the time these measurements were made, Fig. S2E represented a cyclic 

voltammogram in the most fluorous solvent up to that time. However, the electrolyte salts 

described in this supporting information were unable to lower the resistance of pure 

perfluorohexanes enough to perform cyclic voltammetry in it with a disc electrode. The 

use of a microelectrode could have helped, but even with that, the electrolyte salts all had 

a relatively low solubility in perfluorohexanes (less than 20 mM) compared to the 

tetrabutylammonium salt, NBu4BArF104. 
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7 CHAPTER SEVEN 

 

 

 

 

Conclusions 
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7.1 Summary of Results 

 The primary focus of this work was the development of ion-selective electrodes 

made with fluorous matrixes. The successful development of these electrodes – 

ionophore-free, ionophore-doped, cation-selective, and anion-selective – not only lays the 

groundwork for a new class of highly robust, highly selective sensors, but the discoveries 

and developments made through this work also contribute to fundamental scientific 

knowledge in a variety of related fields. 

 Chapter 2 presented the development and characterization of the first ion-selective 

electrode made with a fluorous matrix, which was the initial demonstration of the 

enhanced selectivities we observe for fluorous ISE membranes. The fluorous ionophore-

free cation sensor exhibited a selectivity range that was 8 orders of magnitude wider than 

the range of selectivities of an ionophore-free cation sensor made with a conventional 

organic matrix. Similarly, Chapter 5 demonstrated unprecedented selectivity for PFO
– 

and PFOS
– (log pot

PFO,Cl −−K  = 7.4, log pot

PFOS,Cl −−K  = 10.6) in a fluorous anion-exchanger 

membrane. Since the high selectivities of the fluorous membranes were the result of the 

low extent of solvation of interfering ions, it was expected that similarly, receptor-based 

fluorous membranes would be much more selective than corresponding non-fluorous 

ones. Chapter 4 reported on the enhanced selectivity observed for a fluorous pH sensor 

containing the ionophore tris[(perfluorooctyl)pentyl]amine, which showed selectivities of 

the same magnitude as the best pH ISEs known. This fluorous pH sensor membrane also 

showed a measuring range that was about 2.5 orders of magnitude wider than a similar 

sensor membrane made with the conventional organic matrix o-nitrophenyl octyl ether. 

The enhanced selectivity of sensors incorporating fluorous matrixes has important 

implications for chemical sensor technology. Evidently, it is possible to increase the 

selectivity of existing sensors by replacing their organic matrixes with fluorous matrixes. 

Perhaps even more importantly, fluorous matrixes may be used to design sensors for new 

analytes since the inert nature of the fluorous matrix can enhance weak receptor-analyte 

interactions. 

In order to perform potentiometry (Chapters 2-5) and voltammetry (Chapter 6) 

with fluorous solvents, fluorophilic ionic sites and electrolyte salts were developed. 
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Though a synthesis of NaBArF104 was previously reported,59 Chapter 2 reported a new 

synthetic procedure that takes less time and results in higher purity. The salt ended up 

being soluble up to ~1 mM in perfluoro(perhydrophenanthrene), making it useful as an 

ionic site for potentiometric measurements in a fluorous solvent. In Chapter 6, the 

tetrabutylammonium salt of NaBArF104 was synthesized and was found to be highly 

soluble in most fluorous solvents (greater than 80 mM). The fluorophilic salt (an ionic 

liquid) was then used to perform voltammetry in a neat fluorous solvent, specifically 

perfluoro(methylcyclohexane), for the first time. Chapter 3 described a fluorophilic 

electrolyte salt, the [CF3(CF2)7(CH2)3]3CH3N
+ salt of NaBArF104, that was used to 

increase the conductivity of fluorous cation-exchanger membranes for potentiometric 

measurements. Another new fluorophilic salt with high solubility (greater than 14 mM) in 

fluorous solvents, PCH3ArF102CH3OSO3, was reported in Chapter 5 for use as a cationic 

site in fluorous anion-exchanger membranes and as a fluorophilic electrolyte salt when it 

was paired with the anion of NaBArF104. Chapter 6 also described some other highly 

fluorinated ions that were synthesized, but found to be insoluble in fluorous solvents. The 

fluorophilic ions developed in this thesis work should find application in future ISEs as 

well as in a variety of other scientific fields. The uniquely high solubility of these salts in 

fluorous solvents could make them attractive phase-transfer catalysts for fluorous 

biphasic catalysis.65,96,97 They may also find use in fluorous voltammetric and 

amperometric sensors with high selectivity and reduced chemical and biological fouling. 

 The fluorophilic salts also made it possible to measure the first ion-pair 

association constants in a fluorous solvent. Chapters 2 and 4 report several of these ion-

pair association constants, which are of the same magnitude or greater than the largest 

ion-pair association constants described in the literature.78,82 For example, the logarithms 

of the ion-pair association constants of Na+ and Li+ with tetrakis[3,5-bis(perfluorohexyl)-

phenyl]borate were measured to be 14.3 and 14.6, respectively. The large ion-pair 

association constants confirm the uniquely nonpolar nature of the fluorous solvents used 

in our fluorous ISE membranes. In addition, the wide range in these constants for 

different salts (over two orders of magnitude) indicates that they play a significant role in 

determining selectivities in a fluorous ISE. 



 

 140 

 The fluorous electrode system developed in this work also provided a tool that is 

uniquely capable of measuring association constants in fluorous liquids. Chapter 3 

reported formal association constants for 2H-perfluoro-5,8,11-trimethyl-3,6,9,12-

tetraoxapentadecane with Na+ ( NaK  = 6.2 ± 1.4 M–1) and with Li+ ( Li K  = 4.3 ± 1.0 M–1), 

and for perfluorotripentylamine with H+ (pKa > –0.5), which were the first association 

constants ever measured in a fluorous solvent. These association constants contradict the 

earlier proposition that the Lewis base character of highly fluorinated ethers is non-

existent. However, the interactions of these heteroatom-containing solvents (and 

presumably also many other similar perfluoropolyethers and perfluorotrialkylamines) 

with dissolved ions are still very weak. In fact, density functional theory calculations 

showed that perfluorotrimethylamine is almost completely planar (CNC bond angles of 

119.7º). That knowledge is particularly useful to current research in the Bühlmann group 

concerning potential fluorous polymers/elastomers/plasticizers that could be used as 

future sensor matrixes. Also, since these heteroatom-containing fluorous solvents are 

currently used in a broad range of applications, a quantitative understanding of their 

interaction properties will aid others in properly understanding their own systems. 

Chapter 4 reported pKa measurements for a set of fluorophilic trialkylamines 

dissolved in perfluoro(perhydrophenanthrene). The most basic one, N[(CH2)5Rf8]3, 

exhibited a pKa of 15.4. That value is very large in comparison to pKa values of other 

trialkylamines in organic solvents which have pKa values around 12. The relatively large 

proton binding constant is a result of the non-coordinating character of the fluorous 

solvent, again confirming its uniquely nonpolar character. These measurements indicate 

that solute interactions are significantly enhanced when in a fluorous solvent. This type of 

system could be used to probe weak interactions that are normally not observable in 

solution. It could also be used to develop other types of receptor-doped sensors that take 

advantage of the stronger association of solutes dissolved in fluorous solvents. 

 

7.2 Future Work 

 Even though the main focus of this work was the development of fluorous ISEs, 

their stability in the presence of nonionic, lipophilic interferents has yet to be 
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characterized. This important line of research will involve performing drift experiments 

similar to those reported in the literature,21-24 as shown in Chapter 1, Fig. 7, along with 

measurements of the partitioning of compounds into fluorous sensor matrixes that are 

known to cause interference with conventional ISE membranes; such experiments are in 

progress. This information will allow for optimization of the robustness of fluorous 

sensors and will indicate their suitability for use in applications requiring exposure of the 

sensor to biological and environmental samples.  

 The fluorous sensor membranes described in this work were comprised of a 

fluorous liquid matrix supported in a thin, porous PTFE disc. However, this type of 

membrane is not ideal because of its short lifetime (1 week at most) which limits fluorous 

ISEs from practical use outside of the lab. Instead, it would be desirable to incorporate a 

fluorous polymer into the fluorous liquid matrix, resulting in a plasticized polymeric 

membrane of relatively high mechanical stability and with a long lifetime. Recent work 

from the Bühlmann group has explored many different fluorous polymer/plasticizer 

combinations that produce a mechanically stable membrane with a glass transition 

temperature below room temperature.67 Some fluorous anion- and cation-exchangers 

have been made from these matrixes and they are being tested in terms of their 

selectivities, lifetimes, measuring ranges, and detection limits. 

 Following the development of fluorous polymeric sensor membranes that are 

suitable for long-term use in biological samples, the fluorous sensor technology will need 

to be combined with complementary technologies that will make the sensors 

biocompatible. This is necessary because in most cases, when a device is implanted into 

tissue in the body, the body responds by encapsulating it in a thick layer of scar tissue. 

The scar tissue reduces the flow of interstitial fluid to the device, creating a local 

environment around the sensor that does not necessarily match conditions in the 

surrounding tissue. To reduce or eliminate the formation of scar tissue on the surface of 

fluorous ISEs, the sensors will need to be modified so that the body cannot distinguish 

the sensor surface from the surrounding cell surfaces. While surface modification with 

polyethylene glycol51-53 and other polymers improves surface properties, materials that 

mimic cell function as well as surface structure, such as the nitric oxide-releasing 
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polymers54,55 being developed in the lab of Meyerhoff, look very promising. In short, the 

use of fluorous matrixes should cause the fluorous ISEs to respond favorably in the body 

and additional surface-modification technologies will improve the body’s response to the 

sensors. 

 The work in this thesis has also prompted several new branches from the original 

line of research. Chapter 5 described the unprecedented selectivity of a fluorous anion-

exchanger for the fluorinated anions PFO
– and PFOS

–. With further improvements to the 

detection limit of the fluorous sensor, it could become a cost-effective alternative to 

current methods used for measurement of perfluorinated acids in the environment.172,173 

Work is currently in progress to lower the detection limit of a fluorous anion-exchanger 

by using a porous carbon solid-contact177 instead of an inner filling solution. 

 Just as Chapter 4 demonstrated enhanced selectivity from a trialkylamine 

ionophore when it was used in a fluorous matrix, the selectivities of other ionophores 

should also be enhanced when they are used in a fluorous matrix. Work is in progress to 

modify existing ionophores with fluorous moieties in order to make them soluble in 

fluorous solvents. The expected selectivity enhancement should improve upon the 

selectivities of even the best ISEs known. Furthermore, the selectivity enhancement 

could allow the creation of ISEs that are selective for ions for which there are presently 

no suitable ionophores. 

 Finally, some other interesting directions for future research may include the 

study of other types of electrochemistry in fluorous solvents, a more thorough study of 

voltammetry in fluorous solvents, and an exploration of some potential applications of 

fluorous electrochemistry. One application now being investigated is the use of fluorous 

electrolyte solutions are as new matrixes for electrochemical gas sensors. Since gases 

exhibit a uniquely high solubility in fluorous solvents, such sensors may be highly 

sensitive, they would be expected to exhibit selectivity patterns differing significantly 

from those of conventional hydrophobic phases,118,186 and they have the potential to 

significantly reduce chemical and biological fouling. Similarly, the low solubility of 

fluorous media in hydrocarbons may allow the development of a fluorous 

electrochemical sensor capable of measuring directly in difficult samples like oil or 
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gasoline. In addition, the unique solvent environment and wide electrochemical window 

of perfluoro(methylcyclohexane) makes it a unique environment to probe electrochemical 

reactions. 
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