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ABSTRACT 

CATION TRANSPORT BY THE IONOPHORES DIANEMYCIN, MONENSIN, 

AND NIGERICIN IN A SIMPLE MODEL MEMBRANE SYSTEM 

by 

David L. Harris 

The transport of the alkali metal cations Li+, Na+, 

-4- 4* 4" • ■ , , 

K , Rb , and Cs by the carboxylic lonophores dianemycm, 

monensin, and nigericin was studied using a model membrane 

system in which a solution of the ionophore in a dense, 

water-immiscible solvent fills the bottom of a "U"-shaped 

glass tube, forming a liquid "membrane" between two 

aqueous salt solutions. Small samples of the salt solu¬ 

tions were taken over a period of several days and analyzed 

by flame spectroscopic techniques to measure the relative 

rates of exchange of two competing cations on one side of 

the membrane for a third cation on the opposite side. 

With ortho-dichlorobenzene as the membrane solvent, 

the "selectivity sequences" obtained from the relative 

transport rates were similar to published sequences re¬ 

sulting from equilibrium studies with one- and two-phase 

systems. However, they resemble more closely the sequences 

obtained from non-equilibrium experiments on biological 

and non-biological membrane systems. The transport of the 

alkali metal cations was strongly influenced by both the 

pH and the buffering capacity of the aqueous phases. 



Experiments with chloroform and carbon tetrachloride as 

the membrane solvents indicate that the transport rate is 

also effected by a change of solvent. 
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I. Introduction 

A. What Are Ionophores and Why Study Them? 

One of the fundamental concepts of biology is that 

of the membrane. Membranes and their components have 

numerous functions in living organisms. Prominent among 

them are the properties of selective permeability and the 

active transport of ions and molecules. Although enzyme 

systems for the transport across biological membranes of 

many substances are believed to exist, the details of 

their structures and mechanisms have not yet been deter¬ 

mined. However, in recent years a class of molecules has 

provided not only tools for the study of membrane trans¬ 

port processes and models for their mechanisms, but also 

probes of other membrane phenomena. 

During the mid sixties it was discovered that several 

antibiotics isolated from microorganisms could interfere 

1 2 
with certain enzymatic reactions in mitochondria ' and 

that the effects of those antibiotics could be reversed 

3 
by a second group, also derived from bacteria. Although 

the effects produced by the two types of antibiotics were 

dissimilar, both required the presence of alkali metal ions 

in the media. Subsequent research revealed that the bio¬ 

logical activity of both classes is the result of their 

ability to form complexes with alkali metal cations which 

are soluble in membranes and in nonpolar solvents. Since 
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the antibiotics were able to carry ions across membrane- 
4 

like barriers, Pressman suggested the word "îonophore" 

(ion carrier) as a generic name for molecules possessing 

such properties. 

Because of those unique properties, ionophores and 

their actions upon natural and model membrane systems have 

been the subjects of extensive research over the past 

decade. That research has been described in numerous 

5-9 articles, reviews, and books. 

In biological and biophysical research ionophores 

are currently being used as a means of perturbing the ion 

distributions and electrical potentials in various systems, 

as probes of membrane structure, and as models for the ion 

binding sites on protein molecules. There is also interest 

in naturally-occurring and synthetic ionophores for other 

purposes, e.g., for use in ion-selective electrodes^ and 

as reagents in novel organic syntheses and for solvent 

extractions.^ One ionophore (monensin) may gain con¬ 

siderable commercial importance as a feed additive to 

increase the efficiency of weight gain of cattle in feed 

i 4- 12 lots. 

Since all of the above-mentioned effects produced by 

ionophores are a consequence of their special chemical 

properties, it would be useful to understand those proper¬ 

ties in more detail. 
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B. Introduction to the Present Research 

The objective of the work reported here was to 

measure the relative rates of ion transport by a particular 

class of ionophores in a model membrane system. The trans¬ 

port of alkali metal ions by ionophores of the nigericin 

group was studied using a bulk-phase membrane composed of 

a "U"-shaped glass tube containing a dense, water-immiscible 

solvent in the bottom of the "U" and aqueous salt solutions 

in the arms. We found that the relative transport rates 

of the alkali metal cations in our model system are in 

qualitative agreement with published equilibrium data 

obtained by other methods, and that the transport exhibits 

the characteristics expected of a “carrier" mechanism. By 

assuming that the rate-limiting step is the movement of the 

neutral ion-ionophore complexes across the macroscopic 

membrane phase rather than the formation or dissociation 

of the complexes at the membrane-water interfaces or the 

diffusion of ions in the aqueous phases near the membrane, 

a simple explanation for the agreement was obtained. 

The next two sections of the Introduction will present 

some background information to illustrate the similarities 

and differences in the properties and behavior of the 

various classes of ionophores. Published experimental 

studies with ionophores which are related to the present 

work will be the subject of the final section. Part II 

will be concerned with a simple theoretical model for ion 
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transport by the nigericin-like ionophores. The model is 

based on an analogy with the kinetics of enzyme-catalyzed 

reactions. Part III will describe in detail the materials, 

apparatus, and procedure used. The data and results will 

be the topic of Part IV, followed by the discussion and 

conclusions in Part V. 

C. Types of Ionophores, Their Origins, Properties, and 

Structures 

Ionophores may be classified according to their origin, 

chemical composition and properties, and "topology." 

However, they all share three common features directly re¬ 

lated to their unusual properties. The first is the 

possession of several electronegative atoms such as oxygen, 

sulfur, or nitrogen. The second is the possession of other 

groups of atoms whose nature is often described by the 

terms "hydrophobic" or "lipophilic." It is the third char¬ 

acteristic of ionophores which, together with the first two, 

accounts for their unique behavior. That characteristic is 

a flexible cyclic or pseudocyclic structure which enables 

the ionophore to surround a positive ion with its electro¬ 

negative atoms, while at the same time presenting to its 

environment a hydrophobic exterior surface. 

Of the ionophores obtained from living organisms, 

four major classes are known: the depsipeptides, the 

peptides, the depsides, and the nigericin-like ionophores. 

The detailed chemical compositions of the molecules are not 
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pertinent here, but the features pointed out in the previous 

paragraph should be noted in the structures of the most well- 

known members of each class shown in Figs. 1, 2, 3, and 4. 

Although the three-dimensional structures of some 

ionophores and their complexes have been determined, those 

structures have not been illustrated here for several 

reasons. First of all, X-ray crystallographic studies have 

shown that the configuration of the ionophore molecule may 

differ in crystals of the free ionophore and those of its 

complex with a particular ion or between its complexes with 

two different ions. Secondly, the X-ray structure of the 

ionophore or of a particular complex need not be identical 

13 
to the conformation in solution, nor is the conformation 

in one solvent necessarily the same as in another. This 

diversity of form is possible because the various parts of 

the ionophore molecule may alter their relative spatial 

positions and orientations by rotating about single bonds, 

in particular, about those bonds forming the basic cyclic 

backbone. Since the potential energy barriers for these 

14 so-called "internal rotations" may be small (a few 

kcal/mole), the configuration (s) assumed by the ionophore 

or by one of its complexes in a given environment is the 

result not only of its intrinsic architecture, but also of 

its interactions with neighboring ions and molecules and 

with any bound species. 
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Fig. 1. Structural formulae of several depsipeptide iono- 

phores. The brackets and subscript indicate that the en¬ 

closed subunit is repeated three times in the cyclic struc¬ 

ture; the liganding oxygen atoms (in the crystalline complex¬ 

es) are indicated by an asterisk. Hylv and Lac are the hy¬ 

droxy acid residues hydroxyisovalerate and lactate; Val is 

the amino acid residue valine. The amino acid residues in 

beauvericin, enniatin A, and enniatin B are, respectively, 

L-methylphenylalanine, L-methylisoleucine, and L-methylva¬ 

line. 
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(Two other factors, Monensin C and Monensin D, have also been 

isolated; their structures are very similar.) 

* 

Fig. 4. Some ionophores of the nigericin group. 
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Most of the ionophores belonging to the first three 

classes are cyclic molecules, having rings with up to fifty 

or- more atoms as members. They also have either no ionizable 

side groups or they possess side groups which are uncharged 

at physiological pH (about pH 7). Therefore, all complexes 

they may form with cations are charged, regardless of how 

many ionophore molecules may be involved. Because the 

members of the first three varieties of ionophores have the 

above-mentioned traits in common with valinomycin, the most 

well-known and thoroughly studied ionophore, they are some¬ 

times referred to as the valinomycin group. As a consequence 

of having rings composed of several identical or nearly 

identical subunits, the complexes formed by some members 

of the valinomycin group have approximate symmetries of the 

ligand groups (the electronegative atoms) about the com- 

plexed ion. For example, the numbers of coordinating oxygen 

atoms and the symmetries of their potassium ion complexes 

15 (in crystals) are six and octahedral for valinomycin and 

16 17 enniatin B and eight and cubic for nonactin. 

The molecules of the fourth class, the nigericin 

group, are not cyclic in the sense of having a large, closed 

ring of covalent bonds, but have been shown to form cyclic 

complexes with ions by X-ray crystallographic analysis and 

18 19 infrared spectroscopy. ' Hydrogen bonds between atoms 

on the two ends of the linear molecules hold the complexes 

in the cyclic conformation. Possession of a dissociable 
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carboxylic acid function allows the nigericin-like iono- 

phores to form electrically neutral complexes with mono¬ 

valent cations (1:1 stoichiometry), unlike those formed by 

the valinomycin group. The complexes of the nigericin 

group ionophores do not exhibit a regular disposition of 

20 21 the ligands with respect to the ion. ' 

With the exception of the peptide ionophore antama- 

nide isolated from the famous poisonous mushroom Amanita 

phalloides, all naturally occurring ionophores presently 

known* are derived from microorganisms, many from species 

of soil bacteria. The ionophores (and many other molecules 

including a large number of antibiotics) are usually pro¬ 

duced only during certain phases of the life cycles of their 

parent organisms and/or under special conditions. The 

molecules are known collectively as "secondary metabolites" 

since they seem to play no essential role in the metabolism 

of their producers. Some ionophores containing peptides 

are also unusual since they include amino acids not normally 

found in proteins, e.g., valinomycin contains both D- and 

L-valine, whereas proteins contain only the L stereoisomers. 

Though some ionophores do exhibit anti-microbial activity, 

none has yet found clinical application in humans because 

of their toxicity and general low solubility in water. 

*There has been some effort to isolate substances with iono- 
phorous properties from mitochondrial^ and other membranes, 
but it is not clear yet that it has met with success. The 
current opinion is that such molecules, if indeed they are 
present, are most likely attached to macromolecules (pro¬ 
teins, perhaps) as prosthetic groups. 
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One interesting question posed by the fact that ionophores 

and other antibiotics are obtained from bacteria is, "How 

23 
do antibiotic-producing microorganisms avoid suicide?" 

In addition to ionophores derived from natural 

sources there is also a large number of synthetic organic 

compounds with the ability to complex alkali metal cations 

and other positive ions in nonpolar media. The structures 

of several members of one group, the macrocyclic 

24 polyethers (also known as "crown" ethers because of their 

resemblance to a crown) are depicted in Fig. 5. The 

majority of these synthetic ion-complexing compounds are 

neutral molecules. 

D. Mechanisms of Passive Ion Transport Through Membranes 

Mediated by Ionophores 

Two mechanisms have been proposed for the ionophore- 

induced permeation of ions through natural and artificial 

membranes: the "carrier" and the "pore." Although only 

one (the "carrier") is applicable to our macroscopic model 

membranes because of their thickness, both will be dis¬ 

cussed since evidence exists for both carrier-type and 

pore-type ionophores. There is also evidence for "carriers" 

and "pores" in biological membranes. Before the mechanisms 

are described, let us consider the nature of the barrier to 

ion movement presented by a membrane. 

2 5 20 Several treatments ' of ions in membranes approxi¬ 

mate the membrane by an infinite, homogeneous slab of 
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2,3,11,12-dibenzo-l,4,7,10,13,16-hexaoxycyclo- 

octadeca-2,11-diene (dibenzo-18-crown-6) 

Dicyclohexyl-14-crown-4 Cyclohexyl-15-crown-5 

Fig. 5. Some macrocyclic polyethers, also known as "crown" 

ethers. Since their systematic names are rather lengthy (see 

the top figure), an abbreviated nomenclature is used to de¬ 

scribe them. The first word describes the side groups; the 

first number is the number of atoms in the main ring; and the 

second is the number of oxygen atoms in the ring. 
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dielectric constant e interposed between two semi-infinite, m 

homogeneous regions of dielectric constant representing 

the aqueous phases. Capacitance and optical thickness 

27 
measurements on bilayer lipid membranes (artificial 

membranes similar to biological membranes) yield an 

estimate for e of about 2. e is taken to be the macro- m w 

scopic dielectric constant of water, which is about 80 at 

room temperature. 

The treatments continue by supposing that the poten¬ 

tial energy barrier represented by the membrane has a 

height which, in the first approximation, is equal to the 

difference between the energy of an ion of charge ze in 

an infinite phase of dielectric constant e and in one 

with e = e
w* To calculate the energy in each phase, the 

ion is modeled as a conducting sphere of radius r and the 

potential energy is taken to be the energy required to 

charge it to a charge ze in the given medium, which is 

expressed in Eq. (1.1). 

E 
/ \ 2 (ze) 
2er (1.1) 

(Equation (1.1) may be derived from classical electro¬ 

statics by calculating the work done in adding to the 

charge q already present on the sphere an infinitesimal 

charge dq brought in from infinity, and then integrating 

over the charge from 0 to ze.) Assuming that the radius 

r is the same in both phases, the energy barrier has a 

height given by Eq. (1.2). 
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ta = isâil (i- - 1_) ^ 2r ve e' (1.2) 
m w 

A simple numerical example will provide an estimate 

of typical values of AE. Suppose that the radius of the 

ion is equal to its ionic radius (as defined by Pauling). 

Then for a sodium ion, Na+, r = 0.95 angstrom and z = +1. 

For e =2 and e =80, m w ' 

2 2 
10 2 9 -1 

£E _ (4.8x10 cm g Z s ) 

2x0•95x10 ® cm 

,1 1_. 
x ^2 80 

= 5.9xl0-^ ergs = 8.5x10^ kcal/mole = 1.4x10^ kT at 300°K. 

Thus, if Eq. (1.2) is a good estimate of the energy barrier, 

it is very unlikely that small ions will pass through the 

membrane by themselves. 

Of course, the model just presented is very crude, 

but the point is that the energy "barrier" is the difference 

of two terms, each representing the interactions of the ion 

with a particular environment. By providing a surrogate 

environment in the membrane similar to that of the water 

molecules surrounding an ion in aqueous solution, iono- 

phores can lower the activation energy barrier which nor¬ 

mally prohibits ions from moving across membranes. The 

mechanisms by which this is accomplished will now be 

explained in more detail. 

A "carrier" may be envisioned as a mobile entity 

shuttling ions back and forth across a membrane. A "pore" 
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is like a tunnel through the membrane through which ions 

may pass from one side to the other. The two notions are 

really the extreme cases of a more general picture into 

which aspects of both models enter. For example, there 

might be a "bucket brigade" or "relay" mechanism with the 

ion being passed from one carrier molecule to the next. 

Increasing the carrier concentration in the membrane or 

lowering the temperature might cause the carrier molecules 

to stack up across the membrane to form a pore. Since an 

enormous number of molecules would have to stack up to 

form a pore across a macroscopic membrane, obviously that 

is not possible. The nigericin ionophores circumvent the 

membrane barrier to ions simply by forming neutral complexes 

which may then diffuse through macroscopic or microscopic 

membranes. A simple model for the complexes of the valino- 

mycin group consists of the ion at the center of a spherical 

2 (3 
shell of a polarizable material. If the polarizability 

is sufficiently large, then the complex is effectively an 

ion whose radius is now the outer radius of the spherical 

shell, hence its energy in the membrane is lower than that 

of a "naked" ion. A pore may be modeled as an annular tube 

of polarizable material extending across the membrane; the 

results are similar. 

Several criteria may be employed to distinguish ex¬ 

perimentally the various mechanisms for the translocation 

of ions and other substances across membranes. Three of 

them are: 
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(1) Saturation kinetics. 

(2) Modification by one substance of the transport 

rate of another substance. 

(3) The energy source for the transport. 

Consider the following mechanisms by which a substance may 

pass from one side of a membrane to the opposite side: 

(A) Simple diffusion. 

(B) Diffusion through a pore-type ionophore. 

(C) Diffusion as a complex with a carrier-type 

ionophore. 

(D) Active transport by a carrier-type enzyme. 

Mechanisms (A)-(C) may be distinguished from active 

transport by criterion (3) since their driving force is 

ultimately an electrochemical potential gradient (not 

necessarily of the substance itself, since coupling to the 

diffusion of other substances is possible), whereas active 

transport is the movement of a substance against its electro¬ 

chemical potential gradient by coupling to a metabolic 

energy source in the cell. For this reason mechanisms (B) 

and (C) are often called "facilitated diffusion." 

By saturation kinetics it is meant that the rate of 

transport of some substance across the membrane is not 

governed by Fick's first law of diffusion for all concen¬ 

trations, that is, the flux is not always proportional to 

the concentration gradient across the membrane. Instead, 

the flux has the appearance of diffusion for small concen- 
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tration gradients but as the concentration gradient in¬ 

creases the transport rate reaches a limiting or saturation 

value. Thus, simple diffusion may be distinguished from the 

other mechanisms by examining the concentration dependence 

of the transport rate. If this result is not obvious, 

then it may easily be understood by considering simple 

analogies, for instance, diffusion of ions through a pore 

may be likened to the movement of people across a river on 

a narrow footbridge: only so many can cross at one time no 

matter how many are waiting. 

If two substances may pass through a pore or if they 

each may be bound to the same site on a carrier or trans¬ 

port enzyme molecule, then the transport rate of one sub¬ 

stance may be modified by the presence of the other. When 

the two substances are on the same side of the membrane, 

then they may compete and the modification is called 

"competitive inhibition." Other forms of modification are 

possible, especially for active transport, but they are 

not of as much importance for transport through pores or 

by carriers. 

In conclusion, it is instructive to point out that 

the process of enzyme catalysis has much in common with 

carrier-mediated transport. Both enzymes and carriers 

form complexes with their respective "reactants" which per¬ 

sist for a finite period of time and then decompose to 

yield their "products." Both are catalysts since they 
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lower an energy barrier between "reactants" and "products" 

and are regenerated at the end of one catalytic "cycle." 

Furthermore, they both exhibit saturation kinetics and 

competitive inhibition. In fact, the equations describing 

a simple model of the transport of two types of ions by 

the ionophores of the nigericin group are identical to 

those of a known enzyme mechanism involving two substrates 

and two products. This analogy will prove useful in 

Part II. 

E. Experimental Work on the Selectivity of Ionophores in 

Various Systems 

In the early studies exploring the effects of various 

ionophores on mitochondria, it was observed that for a 

given ionophore some alkali metal ions would influence the 

results more than others. Furthermore, if for each iono¬ 

phore the alkali metal cations were arranged in order of 

decreasing effectiveness, then the sequences so obtained 

would often be different. A number of interesting ques¬ 

tions are brought up by these observations of specific or 

selective ion transport by ionophores. 

First of all, how should specificity or selectivity 

be defined for a particular experimental system? What is 

the relationship of selectivity in one system to the 

analogous property in another system? What is the explana¬ 

tion for selectivity? The question of whether or not the 

selectivity measured in an equilibrium system is the same 



as the selectivity in time-varying or kinetic experiments 

was part of the motivation for the present research. 

A survey of the various measures of selectivity and 

the systems in which they have been measured will now be 

presented. 

A division can immediately be made between experi¬ 

ments on model systems and those using living organisms 

or organelles. The former will be considered first. 

Selectivity measurements may be further divided according 

to the number of phases involved and whether the measure¬ 

ments are made at equilibrium or in a time-dependent system. 

Ideally, equilibrium measurements in one phase systems 

would determine the thermodynamic equilibrium constant (also 

called the "stability constant") defined by Eq. (1.3) or 

some thermodynamic properties closely related to it, for 

example, the enthalpy and entropy changes in the complexing 

reaction. 

K = MI 

M I 
(1.3) 

In Eq. (1.3) a^, a^, and aMI stand for the activities of 

the metal ion, the ionophore, and the complex, respectively. 

It is valid only for complexes formed from one ion and one 

ionophore molecule. Some ionophores from the nigericin 

group and from the macrocyclic polyethers are known to have 

other stoichiometries. 
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In general, all three activities on the right hand 

side of Eq. (1.3) cannot be measured. Therefore, the 

experimental result is sometimes expressed as the so-called 

"apparent" or "stoichiometric" stability constant K' of 

Eq. (1.4), in which the activities have been replaced by 

concentrations. 

K’ (1.4) 

(Again, it is usually impossible to measure all three con¬ 

centrations. However, by measuring one of the three and 

using the known total concentrations of the ionophore and 

ion in all forms, K' can be computed.) Since invariably 

two of the three species in Eqs. (1.3) and (1.4) are ions, 

and since other species (e.g., the conjugate anion of M+ 

or any buffer ions) may be present, K and K' may differ 

unless the ionic strength in the phase is low. 

Kinetic measurements can provide information about 

the rate constants for formation and dissociation of the 

complexes as well as equilibrium parameters. However, 

additional assumptions beyond those made for equilibrium 

studies must be made in order to interpret the data. For 

instance, although the formation and dissociation reactions 

are often symbolized by 

kl 
M+ + I £ (MI) + (valinomycin group) 
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or 

+ -ki 
M + I £ MI (nigericin group) 

k-l 

28 
it is thought that the reactions actually proceed by a 

sequence of stepwise substitutions of the ionophore ligands 

for solvent molecules or vice versa. In that event, 

and k_^ represent the "overall" reaction rates; in either 

case, k^/k_^ = K. 

A whole host of techniques have been applied to 

single phase systems.* They include infrared and ultra¬ 

violet absorption; fluorescence; nuclear magnetic resonance 

of various nuclei; optical rotary dispersion and circular 

dichroism; conductimetry; vapor pressure osmometry; poten- 

tiometric measurements with pH or selective ion electrodes; 

microcalorimetry; indicator titrations; temperature and 

electric field jump relaxation; and acoustic absorption. 

Some of the methods are based on changes in the optical 

properties of the ionophore upon complexation; others depend 

on the addition or removal of cations from the solvent by 

the ionophore. 

The value of the data obtained by any one of these 

methods is diminished by the difficulty of relating that 

data quantitatively to the data obtained by the same or 

other methods in a different solvent and to the data ob- 

*For a discussion of the application of these methods to 
the structures and properties of ionophores see Chapters 
2 and 3 of reference 5 and the original papers cited there. 
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tained from systems containing two or more phases. The 

origins of the difficulties have been mentioned already: 

They are the low water solubility and solvent-dependent 

conformations of ionophores and the inadequacy of models 

for energy calculations based on the use of the macro¬ 

scopic dielectric constant of a molecular liquid. 

Because of the water solubility problem almost all 

of the one phase measurements have been made in non-aqueous 

solvents such as methanol, chloroform, and various binary 

solvents, such as toluene-butanol mixtures. If it is 

assumed that the selectivity of ionophores in membranes 

is mainly determined by the equilibrium selectivity (the 

value of K) in one of the phases, i.e., either in the mem¬ 

brane or in the aqueous phases, then to calculate the 

selectivity in membrane systems from the data obtained in 

a different solvent, it is necessary to account for changes 

in the solvent-solute interactions. Not only must changes 

in the "dielectric constant" be considered, but also dif¬ 

ferences in the acid-base properties, ability to form 

hydrogen bonds, etc., between the two media. 

Two phase systems composed of an organic phase and 

an aqueous phase offer a solution to at least half of the 

problems just discussed since, as in biological systems, 

one of the phases is water. At this point the treatment 

of the neutral valinomycin-type ionophores diverges from 

that for the nigericin-like ionophores because the condition 
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of macroscopic electroneutrality requires anions to be 

taken up as well if a neutral ionophore extracts a cation 

into the organic phase, while no such constraint is imposed 

upon neutral complexes. 

Equations have been developed to describe the two 

types of solvent extractions of simple electrolytes sym¬ 

bolized by the equilibria: 

(M+)w + (I)m + (A")w *- (MI)* + (A-)m (valinomycin group) 

(Mj)w + (M2I^m ~ ^l^m + ^M2^W (nigericin group) 

(H+) + (MI) £ (HI) + (M+) " " 

The symbols M, M^, and M2 represent monovalent cations, such 

as Na+ or K+; H, a proton; I, the ionophore molecule; and A, 

the conjugate anion of the cation. The phase is indicated 

by the subscripts m and w for the organic (membrane) and 

aqueous phases, respectively, and the charge on the species 

by the superscripts + and 

As an example, consider the derivation of an equation 

for the equilibrium in a two phase system initially con¬ 

taining a nigericin-type ionophore as the undissociated 

acid HI in the membrane and a solution of an ionic salt 

MA in the aqueous phase. Assuming that no ions are present 

in membrane phase, then at equilibrium the initial concen¬ 

tration of HI must equal the sum of the final concentrations 

of I in all forms: 
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^CHI^m ^HI^w + ^Hl^m + ^-^w + ^Ml^m + ^MI^w 

(1.5) 

^Pota.1 T 
By dividing both sides of Eq. (1.5) by (cHI)m 

= (c^j) 

and (cMj)m* and then rearranging the right hand side to 

include the new quantities Kwym, K^, KMI, and defined 

by Eqs. (1.6)-(1.9), Eq. (1.10) is obtained. 

m 

K 
+^w * *CMI^m 

11 

w/m ‘V’w ‘ ‘“ai* M 
m 

(1.6) 

KD = 

(c ) * (c ) 
H+ W I w 

^CHI^w 
(1-7) 

KMI ^MI^ir/^MI^w 

w 

(1.8) 

(1.9) 

x 'V’w ' (1+KHI) + KP ! 

(c +>w 
M 

+ (1+ ) 
KMI 

(1.10) 

KD is the "dissociation constant" in water of the ionophore's 

carboxylic acid group. KMI and are the "partition coef¬ 

ficients" of MI and HI, respectively, between the membrane 

and aqueous phases. 
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Since both the complexes of the nigericin group and 

the undissociated acids are much more soluble in nonpolar 

solvents than in water, it is reasonable to assume further 

that >> 1 and » 1. The result is Eq. (1.11). 

«V’w • ‘'HI 
+ K

D  XI (1.11) 

Kw/m a measure °f the equilibrium selectivity of the 
• ■[* "f* « • 

xonophore for M compared to H . By taking the ratios of 

the KW//m's f°r two metal ions, a measure of the relative 

selectivity for them may be obtained. 

A few experiments have been performed using two phase 

systems. Two methods assuming a 1:1 stoichiometry have 

29 
been used for the nigericin group. The direct method 

86 + consists of using a radioactive isotope such as Rb to 

indicate the amount of cation taken up into the organic 

phase. If a suitable radioisotope does not exist (e.g., 

for Li+), then the displacement of some radioisotope by 

that cation may be employed as an indirect method. For 

the valinomycin group other indirect methods employing 

highly colored or fluorescent, lipophilic anions have been 

. 30 
used. 

Still closer approximations to the conditions en¬ 

countered in natural membranes are those achieved in three 

phase artificial membrane schemes. The latter may be 

divided into the bulk phase or liquid membranes of macro- 
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scopie thickness and the bilayer lipid membranes* and 

liposomes of microscopic dimensions. 

Bulk phase model membranes have been created in a 

number of ways, e.g., by filling a "U"-shaped tube with a 

dense, water-immiscible solvent and then adding aqueous 

32 
solutions to the "arms” of the tube, or by filling a 

chamber between two permeable cellophane membranes with 

solvent and filling the compartments on both sides of it 

33 
with aqueous solutions. All of these systems have the 

common property of being so thick that electroneutrality 

is preserved in their interior. 

Bilayer lipid membranes are presently the most popu¬ 

lar model system for studying the interactions of ions, 

ionophores, and membranes. A bilayer lipid membrane (BLM) 

is formed by dipping the tip of a fine sable hair brush 

into a solution of natural or synthetic lipids** in a non- 

* For a discussion of these model systems see reference 31 
and the references cited therein. 

**Lipids are a class of water-insoluble organic substances 
found in cells. They are an essential and major component 
of all biological membranes and may be extracted from them 
by using nonpolar solvents. Many lipids consist of a "polar 
head group" which may contain positive or negative charges 
or both (dipoles), and a long (14 to 22 carbon atoms) 
"hydrocarbon tail." 

The current notion of the structure of bilayer lipid 
membranes and of biological membranes (which also contain 
various protein molecules as a second major constituent) is 
that they are composed of two layers of lipids oriented so 
that the hydrocarbon tails face each other while the polar 
head groups are in contact with the aqueous phases. The 
membrane may be pictured as a two-dimensional fluid in which 
movement of the lipids in the plane of either monolayer is 
random and much faster than "flipping-over" of the lipid 
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polar solvent and then drawing it across a small hole in a 

septum separating two compartments filled with the same 

aqueous solution. Under certain conditions the droplet so 

formed will spontaneously begin to thin out. As it does, 

interference colors will be observed and then the membrane 

will appear black in reflected light as its thickness de¬ 

creases below optical wavelengths to about 100 angstroms. 

Several related techniques have been employed to 

measure selectivities in bulk phase and bilayer lipid 

34 membranes. Two consist of measuring the relative rates 

of transport of ions with (conductance) or without (permea¬ 

bility) an applied potential difference across the membrane. 

In a third method the composition of one or both of the 

solutions is altered and the resulting potential, the so- 

called "bi-ionic potential difference," is measured. Since 

all three measurements involve concentration and/or elec¬ 

trical potential gradients across the membrane, they repre¬ 

sent essentially special cases amenable to simpler experi¬ 

ments and interpretations than the general situation. 

Conductance ratios in the limit of zero current 

(assuming that all current is carried by the charged com¬ 

plex) and permeability ratios have been used as measures 

. . . . 35 
of relative selectivities m three phase systems. The 

vast majority of experimental and theoretical work on ion 

molecules from one plane to the other. There is some evidence 
that some natural bilayer membranes are asymmetric, unlike 
lipid bilayer membranes in model systems. 
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transport by ionophores in lipid bilayer membranes has been 

concerned with electrical properties, that is, with the 

effects of "electrogenic" or net charge transport by iono¬ 

phores. This is probably due to the sensitivity and con¬ 

venience of electrical methods compared to isotope tech¬ 

niques. By comparison, very little work has been done on 

the dominant,* "electrically silent" exchange of ions by 

the nigericin group. 

1 4 Liposomes are a small (5x10 to 5x10 nano-meters) 

spherical particles composed of one or more concentric 

bilayer membranes separated by and surrounding regions of 

aqueous solution. Selectivities in this system have been 

38 measured in several ways. Since their membranes are 

relatively permeable to water, liposomes placed in a medium 

containing an ionophore and ions may shrink or swell de¬ 

pending upon the direction of ion movements and the flow 

of water caused by the resulting osmotic pressure difference. 

The changes in volume may be monitored by light scattering 

or absorption techniques. Liposomes may also be pre-loaded 

with isotopes and the ionophore-induced efflux measured. 

The effects of ionophores on various biological systems 

. . . . 39 
also yield selectivities for ion transport. However, the 

interpretation of data from these systems is subject to more 

uncertainties than model-membrane data. Studies have been 

  ^ * .. 36 3 n 

Conductivity experiments ' indicate there is also a minor 
component of the ion transport by nigericin which is electro¬ 
genic. However, its mechanism is still unclear. 
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made on mitochondria, chloroplasts, red blood cell 

preparations, and other systems. 

This concludes the discussion of the experimental 

methods of measuring the selectivity of ionophores in 

various systems. The data on the selectivities of the 

nigericin group will be presented and compared to the re¬ 

sults of the present experiments in the Discussion (Part V). 
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II. Theory- 

Models of transport phenomena in membranes have been 

developed by several approaches.* Our approach will employ 

the theory of rate processes, since it is simple and has 

often been used to describe carrier-mediated transport. The 

method will be introduced by deriving a set of equations for 

a membrane containing an ionophore of the nigericin group 

with two types of monovalent cations in the aqueous phases. 

Then the analogy with enzyme kinetics will be exploited to 

obtain an approximate expression for the transport rate 

which is valid for the experimental conditions in our model 

membrane system. The "selectivity” for our system will be 

defined by an extension of the model to the case of two com¬ 

peting cations on one side of the membrane and a third ion, 

the "reference" cation, on the opposite side. 

To apply the theory of rate processes or, in other 

words, chemical kinetic theory to ionophore transport, the 

membrane and aqueous phases are divided into a number of 

compartments of homogeneous chemical composition. All pro¬ 

cesses are modeled as chemical "reactions," either within 

one compartment or across the interface between two compart¬ 

ments. For example, the diffusion of a molecule M across 

the boundary between two compartments labeled 1 and 2 is 

*For further discussions of the applications of the theory 
of rate processes and of the two major alternative methods, 
the Nernst-Planck flux equations and the theory of irrever¬ 
sible thermodynamics, see references 40-43. 
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represented by 

dM] 

dt k21M2 k12Ml (2.1) 

where and M2 stand for the concentrations of M in their 

respective compartments, and = k^ if the process is 

symmetrical. 

The model we will use is illustrated in Fig. 6. We 

assume that the uncomplexed cations A+ and B+ are not present 

in the membrane, since in control experiments no movement 

of cations in the absence of an ionophore was observed. 

Because of the low water solubility of the nigericin-type 

ionophores and their complexes, we assume that all forms of 

the ionophore exist only in the membrane phase. Furthermore, 

since no lipophilic cations are present in the aqueous phases, 

we assume also that the ionophore anion cannot cross the 

membrane. Finally, we assume that the combined effects of 

diffusion and stirring* can be described by rate constants 

as in Fig. 6. 

Our model does not consider the movement of cations 

across the so-called "Nernst diffusion" or "unstirred" layer 

in the aqueous phase near the membrane since its "thickness" 

-4 -2 44 (about 10 to 10 cm, depending on the experimental 

conditions) is much less than the thickness of the bulk- 

phase membrane in the "U"-tube (about 10^ cm). Note that 

*The transport of cations in the presence of ionophores but 
without stirring of the membrane was too small to be detected 
in our model system in a control experiment. 
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this assumption is not valid for membranes whose thickness 

is about 100 angstroms (10 ^ cm) since the time required for 

a neutral ion-ionophore complex to diffuse across them is 

much smaller than the time it takes an ion to diffuse across 

the "unstirred layer," assuming similar diffusion coefficients 

for the hydrated ion in water and the complex in the membrane. 

Given these assumptions, the model may be described 

mathematically by a system of coupled, first-order, non¬ 

linear ordinary differential equations. However, as is 

often the case in chemical kinetics problems, though a 

unique solution to the model exists, it cannot be expressed 

in a simple form, such as an infinite series of some elemen¬ 

tary function. Nor is a numerical solution of much value 

for fitting experimental data or for qualitative comparisons 

with other models, since it must be generated anew for each 

new set of initial conditions. Therefore, it is desirable 

to seek an approximate analytical solution. 

While examining Fig. 6, let us ask, "What quantities 

can we measure?" It is not possible to measure the individ¬ 

ual concentrations of the complexes or of the ionophore 

anions, but the total concentration of the ionophore in all 

forms is known, it being simply the concentration in the 

solvent solution used to fill the "U"-tubes. Similarly, 

the initial concentrations of the aqueous salt solutions are 

known. Finally, the changes in the cation concentrations 

can be measured, provided the changes are a few percent or 
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more of the concentrations themselves (see Part III). Our 

goal is to obtain an approximate solution to the kinetic 

equations containing only these observable quantities and 

the rate constants k ,., k._, etc. 
=J. 

The situation just described also occurs in enzyme 

kinetics: The total enzyme concentration and the initial 

concentrations of substrates, products, etc. are known and 

the rates of substrate consumption and/or product formation 

can be measured, but not the concentrations of the enzyme 

or its complexes. To circumvent this problem, the "steady- 

45 state" method was proposed. 

This method assumes that, for certain experimental 

conditions, after an initial transient period the concentra¬ 

tion of each enzyme species is approximately stationary. By 

setting the time derivatives of those concentrations equal 

to zero and using the fact that the total initial enzyme 

concentration is equal to the sum of the concentrations of 

all of its various forms, a system of linear equations in 

the enzyme concentrations is obtained. The matrix of coef¬ 

ficients and the constant vector contain the rate constants 

and the observable quantities. Therefore, by solving the 

linear equations for the unmeasurable concentrations, they 

may be eliminated from the remaining kinetic equations to 

yield the desired result. 

Numerical calculations have shown that the steady-state 

assumption is reasonable provided the concentration of the 
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substrate is about 10 times the total concentration of the 

46 . ... 
enzyme in all forms. This condition is met by our system, 

since the concentrations of the "reactants," say, A^+ and 

+ —3 0 
B2 in Fig. 6, are typically 10 to 10 M (moles/liter), 

while the total ionophore concentration (in the membrane) 

-5 is about 1x10 M. As further justification for this assump 

tion, we note that for most of our experiments in which 

initially A^+ and B2
+ are large (about 10 ^ M) and A2

+ and 

+ -5 B^ are nearly zero (less than 10 M), the experimentally 

observed rates of formation of the "products" A2
+ and B^+, 

given by 

dA 

dt k4IA2 _ k-4A2 I2 (2.2) 

and 

dB 

dt k8IBl " k-8Bl I1 (2.3) 

are usually constant, that is, A2
+(t) and B^+(t) are linear 

functions of the time t. This result implies that the 

second terms on the right hand sides of Eqs. (2.2) and (2.3) 

are much smaller than the first terms and that the concentra 

tions of IA2 and IB^ (at least) are, indeed, nearly 

stationary. 

For the model system shown in Fig. 6, the steady-state 

assumption leads to a system of eight inhomogeneous linear 

equations in the concentrations 1^ , IA^, IB^, IA, IB, IA2, 

IB2, and I2 . The equations are similar in form to Eqs. 
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(2.1)-(2.3), for that reason they will not he written out 

in detail. Because the coefficient matrix and the constant 

vector are algebraic quantities and not numbers, the solu¬ 

tion of the system by standard methods would be an arduous 

task, as the reader may verify for himself. Fortunately, 

powerful methods based on the special form of the equations 

have been developed by using the theory of determinants and 

47-50 
graph theory. We will not prove the methods, but 

merely state that they provide an algorithm by which it is 

possible to write down by inspection the non-zero terms in 

the solution of the linear equations by Cramer's rule. 

In order to simplify our problem by reducing the num¬ 

ber of rate constants, we assume that the "diffusion" of a 

given complex is described by a single rate constant and 

that the reactions at the interfaces 1 and 2 have identical 

rate constants. This assumption is reasonable in the absence 

of an electrical potential gradient across the membrane and 

if the ionic strengths of the two aqueous phases are about 

the same. The number of rate constants then reduces to six: 

k 
5 

k 
-8 

= k. 
B 

In terms of these parameters, the concentrations A^+, 

+ + + 
B1 ' A2 ' an<^ B2 ' an<^ concentration of the îono- 
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phore in all forms IQ, the rate of increase of the concentra¬ 

tion A£+ (or of B^+, since they are equal if only two types 

of cations are transported) is given by 

1 ^2 
VA + A2 

*o dt 
(2.4) 

k?Ak?Bk-AkAk-BkB »lWBl+> 

l^kIAkAk-B ^kIB+k-B^ ^k-A^Al +A2 ^+3kAAl A2 ^ 

+2kIBk-AkB (kIA+k-A> (k-B <Bl++B2+)+3kBBl+B2+) 

+3kAkB (kIBk-B +kIAk-A <kVk (A1+B2++A2+B1+>1 

Equation (2.4) is complicated simply because we have not yet 

made any assumptions about the relative magnitudes of the 

rate constants and because four* chemical reactions and 

four* "diffusion" steps are required to exchange one A+ ion 

in the first aqueous phase for one B+ ion in the second. 

To our knowledge, there exists only one (unpublished) 

measurement of the reaction rate constants for a nigericin 

. 51 . 
group xonophore. By electric-field pulse relaxation 

methods, the overall formation and dissociation rate con¬ 

stants for the reaction of nigericin with Na+ in methanol at 

25°C were found to be about 2xlOdd M-d sec-d and 2x10^ sec-'1', 

respectively. If the reactions at the water-membrane inter¬ 

face are as fast as the reactions in methanol, then a con- 

*These numbers depend on the model and are not significant. 
However, each of the overall processes of formation, dissoci¬ 
ation, and movement of the complexes across the membrane must 
occur twice. 
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siderable simplification of Eq. (2.5) is possible. For our 

macroscopic model membranes, we will assume that all of the 

chemical reactions are much faster than the "diffusion" 

steps. Again, it is important to note that this assumption, 

too, may not be valid for very thin membranes. 

Using this assumption and recalling that for our experi¬ 

ments the initial concentrations of the "reactants" A^+ and 

B2
+ are larger than the concentrations of the "products" 

+ + 2 4. 
A2 and by factors of about 10 to 10 , we obtain 

V 
A 
2 

(2.6) 

kIAkIBk-AkAk-BkBAl B2 

2kXAkAk-B (k-A+3kAA2+)Al++2kÏBk-AkB(k-B+3kBBl+)B2+ 

+ 3 (kIA+kIB)k_AkAk_BkBA1 B2 

+ + . -5 
If A2 and B^ are sufficiently small, say about 10 M, 

then k_A > 3kAA2
+ and k_B > 3kgB^

+, so that Eq. (2.6) sim¬ 

plifies further to yield 

\ +A° = 
A2 

(2.7) 

kIAkIBk-AkAk-BkBAl B2 

2k?Ak-AkAkÏBAl++2kÏBk-Ak-BkBB2++3 (ktt+k?B
) k-AkAk-BkB

Al+B2+ 

Al+B2+ 

2 (k-B//kBkIB^ A1 +2 ^k-A//kAkIA^ B2 +3t (1/^Ja) + (1/^IB)1A^ B£ 
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The qualitative features of our carrier model are 

readily seen in this equation. Since the charged anion of 

the uncomplexed carrier cannot pass through the membrane, 

there is no constant term (a term containing only rate con¬ 

stants) in the denominator, nor are there any terms linear 

in the cation concentrations in the numerator. The transport 

rate depends on both A^+ and B2
+, and exhibits "saturation" 

behavior as either A^+ or B2+ or both become very large. 

As in enzyme kinetics, it is useful to express the 

rate equation in a modified form to detect deviations of the 

data from the predicted behavior and to facilitate its analy¬ 

sis. One such form is obtained simply by inverting both 

sides of Eq. (2.7) to get 

3 _3_ 2 k-A 1 2 k-B 1 
V- , TD D . D k, , + k + 
A2
+ kIA kIB kIA A A1 KIB B B2 

(2.8) 

A plot of IQ/V + versus l/A-^
+ or 1/B2

+ will be a straight 

. . A2 . . 
line and is known in enzyme kinetics as a Lmeweaver-Burke 

52 
plot. If our model is correct and the assumptions we 

have made are valid, then the linear dependence predicted by 

Eq. (2.8) should be observed. As will be seen in Part IV, 

this prediction is confirmed by our experiments, that is, 

our results are consistent with our simple model. 

We must still define what we mean by the "selectivity" 

of ionophore transport in our model membrane system. We 

shall define it as the relative transport rates of two 

• "4" “)■ ■]" 4" cations B and C in an experiment m which A^ » B2 » C2 
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» A2
+ ~ B^+ « ci+* Using the same methods and assump¬ 

tions as for two types of cations, it may be shown that the 

ratio of V + to V is given by 

V _ dB!+/dt (k;BkBA_B)B2
+ 

C1
+ dci //dt C2 

(2.9) 

Unfortunately, for our system it is impossible to obtain the 

ratio of the equilibrium constants (i.e., K_,/K_ = 

c)) without either making some assumptions 

about the rates kljL and k^„ or accumulating much more data. 
XD XL 

We will assume that since the heaviest cation 

(Cg+; at. wt. = 133 g/mole) used in the experiments contri¬ 

butes only 17% of the mass of its complex with the lightest 

ionophore (monensin; mol. wt. = 670 g/mole), the rate con¬ 

stants representing the movement of the complexes across 

the membrane are all approximately equal. 
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III. Experiments 

A. Materials 

Inorganic reagents for the preparation of standard 

solutions and ionization buffers as well as for the trans¬ 

port experiments were obtained from the following sources: 

Alfa Products 
Curtin-Matheson (Mallihkrodt) 
Fisher Scientific 
Gallard-Schlesinger/Atomergic 
Van Waters and Rogers (J. T. Baker) 

The majority of reagents used was of "reagent grade" or 

higher purity. All chemicals were used as received except, 

as will be noted, when drying was required. 

The solvents selected for use as bulk-phase "membranes" 

were also of reagent grade purity. Chloroform and carbon 

tetrachloride were generally used as received. Ortho¬ 

dichlorobenzene was purified by distillation. 

Standard pH buffers were obtained from Van Waters and 

Rogers. 

Dianemycin (Lot No. 361-923B-112-4) and the sodium 

salts of monensin (Lot Nos. 370-589AD-291 and 335AC-2) and 

nigericin (Lot Nos. 189-380-171-A and 189-380B-171-A) were 

the kind gifts of Eli Lilly and Company. All ionophores 

were used without further purification. 

Welding grade acetylene purchased from a local source 

was employed as the fuel for flame spectrophotometrie 

analyses. 
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The water used for the preparation of all aqueous 

solutions, for aspiration before and after samples, and for 

cleaning glassware and other laboratory apparatus was pre¬ 

pared by a demineralizer-distillation system which will be 

described in the next section. 

B. Apparatus 

The apparatus can be subdivided into three groups: 

(1) The instruments used for the chemical analysis of 

the samples. 

(2) The equipment used to prepare the aqueous solutions. 

(3) The apparatus directly involved in the transport 

experiments and in the taking of samples. 

Each of these groups will be considered in turn, with the 

major emphasis being placed upon the first one. 

Before the analytical instruments are described, a 

brief explanation of why they were selected is in order. 

Of the ions known to be complexed and/or transported 

by ionophores, the majority are positively charged ions 

(cations) of metallic elements.* If the consideration of 

transported species is limited to these ions, then what is 

the nature of the problem in analytical chemistry which re¬ 

sults? Since one of the main goals of this work was to 

*It should not be concluded from this statement that iono¬ 
phores do not form complexes with anions, molecules, or 
molecular ions, but merely that more is known about cation- 
complexing ionophores and their interactions with simple 
ions. For example, several members of the nigericin group 
form complexes with the hormones epinephrine and norepineph¬ 
rine, a result which may have important pharmocological 
applications.^3 
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measure the "competition" or relative rates of transport 

of various ions through a membrane from one aqueous phase 

to another* the method chosen must be able to determine, 

directly or indirectly, the concentrations of the elements 

of interest in aqueous solutions. 

From the results of similar experiments in the litera- 

4 32 . . ture, ' and because of the limited amounts of îonophores 

available, it was expected that the flux of transported ions 

. . . -3 
would be small, yielding concentrations less than about 10 

molar. For the nigericin-like ionophores the transport of 

ions through the membrane in one direction is coupled to 

the flow in the opposite direction by the need to preserve 

electroneutrality. This fact implies that for these iono¬ 

phores the determination of the concentration of a given 

element will usually be in the presence of a large concen¬ 

tration of another element. Furthermore, the cations trans¬ 

ported by a particular ionophore are generally of the same 

valence (charge state) and are chemically similar, e.g., 

the elements of group IA of the periodic table: the alkali 

metals. There must also be anions in solution to balance 

the charge of the cations. Finally there are the consider¬ 

ations of convenience and the inevitable monetary 

constraints. 

The problem to be solved then, is this: A technique 

is required which is capable of measuring small concentra¬ 

tions of metal ions in aqueous solutions containing possibly 
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large concentrations of chemically similar cations plus 

various anions and neutral species. An atomic absorption/ 

flame emission spectrophotometer is uniquely suited to this 

task, combining in one instrument the capability for the 

direct analysis of about seventy elements, while other 

methods are limited to a subgroup of the same elements having 

some more restrictive properties (e.g., suitable radioisotopes 

or high atomic number) or are eliminated by potential inter¬ 

ference problems (e.g., ion-selective electrodes). 

The nigericin-like ionophores are weak acids due to 

their possession of a carboxylic acid group. Hydrogen con¬ 

centrations cannot be determined using flame photometry. 

Therefore, a pH measuring system is also necessary. 

The analytical techniques of atomic absorption and 

flame emission spectrophotometry are based on the existence 

of a monotonie dependence of the emission or absorption of 

ultraviolet, visible, or near infrared light on the concen¬ 

tration of an element or "analyte" in solution. By measuring 

the emission or absorption for a set of solutions of known 

concentrations, the "standards," an empirical calibration 

or "working" curve may be constructed and used in the inverse 

fashion to obtain the concentrations of the element in 

other solutions, the "unknowns." The principles and prac¬ 

tices of the analytical methods have been discussed in great 

54-59 
detail elsewhere, therefore, only those aspects which 

are important in the analyses of the alkali metals will be 

presented here. 
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Both methods require a gaseous medium containing free 

atoms of the analyte, either in the ground state (absorption) 

or an excited state (emission). A convenient energy source 

for producing the gas is a flame. The mechanical details 

of how the atoms get from the solution into the flame will 

be explained later, at the moment we are concerned only 

with the properties of the flame itself and of the atoms 

and molecules within it. 

If the oxidant and fuel gases are mixed together and 

forced out of the burner at a velocity equal to the velocity 

of propagation of the combustion reaction, then a flame 

with a stable structure is established. Although the details 

of the structure depend on the type of burner, the flame 

can be decomposed into several regions. The thin (~ 0.1 mm 

or less) layer in which combustion occurs is called the 

"primary reaction zone" or "inner cone." Because it emits 

intense molecular and continuum radiations, it is usually 

avoided in flame spectroscopic work. The "secondary reaction 

zone" or "outer cone" is composed of the product gases in 

approximate thermal equilibrium at a high temperature. It 

is the region used in flame spectroscopy. For the air- 

acetylene and nitrous oxide-acetylene flames, the ones most 

commonly used, the secondary reaction zone has a temperature 

of about 2300°C and 2900°C, respectively, and a pressure of 

about 1 atm. 
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In order to increase their sensitivity, many flame 

and atomic absorption spectrophotometers use a burner with 

a long slot parallel to the optical path. Therefore, let 

us suppose that the flame is a homogeneous gas of thickness 

& with the temperature and pressure given above for the 

air-acetylene flame. Jl is typically 5 to 10 cm. In addi¬ 

tion to the other species in the flame, suppose there are 

3 
also NQ atoms/cm of the analyte in its ground state and 

N^ in an excited state capable of making a transition to 

the ground state by the emission of a photon of frequency 

V. Let the energies and degeneracies of the two states be 

EQ and E^, and gQ and g^, respectively. 

Neglecting stimulated emission, the flame emission 

method assumes that since the number of analyte atoms making 

spontaneous transitions from the excited state to the ground 

state per second is proportional to N^, the intensity of 

the emitted radiation of frequency V received by the de¬ 

tector is also proportional to N^. This assumption is valid 

only if the probability for the photon to be absorbed by 

another atom before it can escape from the flame is small. 

The following equations describe the situation more 

precisely (see Chapter 21 of reference 54 for their deri¬ 

vation) . 

(3.1) 

(3.2) 
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a = ( 

(3.3) 

(3.4) 

w = 2 ( An 2 ) ^ (3.5) 

(3.6) 

Equation (3.1) expresses the detected emission inten¬ 

sity I in terms of the properties of the source, that is, 

the analyte atoms in the flame, and the detector (the 

constant a). The integral over V represents the experi¬ 

mental fact that only the intensity in a frequency interval 

about the central frequency vQ (= (E^-EQ)/h) can be measured. 

The form of the integrand is the result of an integration 

over the thickness A of the flame? it accounts for absorp¬ 

tion within the flame ("self-absorption"). We have assumed 

that the detected signal is entirely due to the transition 

E^ -* Eq. If the emission from the analyte atoms is weak, 

then a large fraction of the detected intensity may come 

from molecular band emission, stray light (important for 

our experiments), or other sources. 

Equation (3.2) defines the "absorption coefficient" 

k(v) of the flame for the transition E -♦ E. . f is the 

oscillator strength for the transition. Av.T, tvn, and Av JN D Li 

are, respectively, the half-widths for natural, Doppler, 

and Lorentz (pressure) broadening. 6 is a parameter 
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measuring the frequency difference from V-VQ when the three 

broadening processes are combined by convolution. The other 

symbols have their usual meanings. 

It can be shown that for low values of the product 

NQfXr, I is proportional to NQfJl, while for high values it 
p 

varies as (NQf Jl) 2. A plot of the logarithm of the observed 

emission intensity versus the logarithm of the analyte con¬ 

centration C in solution (assuming NQ is proportional to C) 

does, indeed, show this behavior under certain conditions 

(see Fig. 7). These conditions relate to the dependence of 

N on C and on the concentrations of other atoms and mole- 
o 

cules in the flame, to be considered shortly. 

In the method of atomic absorption, the attenuation 

of a beam of light by the flame is measured. For a mono¬ 

chromatic beam of frequency v and initial intensity Iq, and 

a flame with the absorption coefficient given by Eq. (3.2), 

the intensity of the beam after passing through the flame is 

given by 

I = IQ exp (-k (v) I) (3.7) 

Since NQf occurs linearly in k(v), a plot of ln(IQ/I) versus 

C (again, assuming NQ is proportional to C) should be a 

straight line passing through the origin and having a posi¬ 

tive slope. Examination of Fig. 8 shows, however, that the 

observed dependence departs drastically from the predicted 

behavior as C increases. 
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Fig. 7. Emission intensity 

versus concentration. Ordi¬ 

nate: log(emission signal) 

(arbitrary units). Abscissa: 

log(analyte concentration) 

(in ppm). Ionization buffer: 

1000 ppm CsCl for Li, Na, K, 

and Rb; 1000 ppm KCl for Cs. 
. . 2 Transition observed: ^3/2”"^ 

^^1/2 f°r Na, K' Rb» and Cs; 
P1/2,3/2“>>2S1/2 for Ll* 
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The main reason for the deviation in Fig. 8 is that 

real light sources are not monochromatic. The lamps used 

for atomic absorption typically contain the analyte element 

as a solid which is vaporized or sputtered by a low pressure 

of an inert gas. In the region where excitation of the 

spectral lines occurs, the energy dissipated in the dis¬ 

charge raises the "temperature" to several hundred degrees 

centigrade. Near the walls of the lamp, on the other hand, 

it may be much cooler. Therefore, the spectral lines 

emitted by the sources are Doppler broadened and the reso¬ 

nance lines (lines emitted in transitions to the ground 

state) may be "self-reversed." 

We will not present any equations describing these 

complications or other causes of curvature of the calibra¬ 

tion curves, as they have been given elsewhere.^ ^ 

Instead we note that since the temperature and pressure in 

the flame are higher than in the lamp, the width of the dis¬ 

tribution of absorption frequencies k(v) is greater than 

the width of the source emission profile. If the latter is 

much smaller than the former, then most of the absorption 

occurs for frequencies near VQ. Hence, k(v) in Eq. (3.7) 

can be replaced by k(VQ), the absorption coefficient at the 

center of the absorption line. It can be shown (see Chapter 

14 of reference 54) that k(vQ) is proportional to NQ for 

small Nq, regardless of the processes responsible for the 

width of k (v) . 
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In the preceding discussion it was assumed that the 

concentration NQ of analyte atoms in the flame is propor¬ 

tional to C, the concentration in solution. This assumption 

is not necessarily true if the analyte can form stable com¬ 

pounds with other atoms in the flame or if it ionizes at 

the temperature of the flame gases. 

The only stable compounds formed by the alkali metals 

in air-acetylene flames which are known to be present at 

significant partial pressures are the hydroxides of lithium, 

potassium, and rubidium.^'^4 since the ionization poten¬ 

tials of the heavier alkali metals are relatively small 

(Cs, 3.893 eV; Rb, 4.176; K, 4.339; Na, 5.138; Li, 5.39), 

the possibility of ionization must be considered in addi¬ 

tion to the formation of hydroxides. 

64 65 Optical and microwave measurements have shown 
-j- • 

that the reactions M ♦- M +e , where M is an alkali metal, 

are in thermal equilibrium in the secondary reaction zone 

of air-acetylene flames and that ionization of the flame in 

the absence of metallic additives is negligible. Other 

measurements suggest that the reactions M+OH «- MOH are 

also in equilibrium. 

To obtain an expression for the fraction of the ana¬ 

lyte present as the free atom M, the mass balance equation 

for the total concentration of M in all forms is used. 

p(M. . ,) = p(M) + p (MOH) + p(M+) (p = partial 
total pressure) (3.8) 
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Dividing both sides of Eq. (3.8) by p(M) and inverting gives 

P (M 
P(M) 

total^ 1+ (p (MOH) /p (M) ) + (p (M'r) /p (M) ) 

Substituting for p(M+)/p(M) by using the equation 

(3.9) 

P (M )p(e ) 
P (M) 

= I M (3.10) 

for the ionization equilibrium yields 

p(M 
P(M) 

total^ l+(p(M0H)/p(M) ) + (I /p(e )) M 

(3.11) 

I., is known as the Saha constant. 
M 

Since the OH molecule is relatively abundant in the 

/w — 3 
air-acetylene flame (p(OH) ~ 2x10 atm), variations in 

p(M^ota^) have little effect on p(M0H)/p(M). However, 

changes in P(Mtotal^ or -*-n concentration of other 

easily ionizable atoms will alter p(e ), so that the ratio 

p(M)/p(M^o^a^) is not constant unless p(e ) is much larger 

than IM. To avoid this problem in the analysis of a given 

alkali metal, a large excess of another alkali metal cation 

is added to the solution. The large excess is often called 

an "ionization buffer." 

To summarize, for both atomic absorption and flame 

emission, the detected signal is proportional to the density 

of analyte atoms in the flame only if NQ is small. There¬ 

fore, the samples are diluted. To ensure that NQ is propor¬ 

tional to the concentration C of the (easily ionizable) 
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analyte in solution, a large excess of another easily 

ionizable element is added to the samples. The apparatus 

for making atomic absorption and flame emission measure¬ 

ments will now be described. 

Atomic absorption and flame emission analyses were 

carried out using a Perkin-Elmer Model 305A Atomic Absorp¬ 

tion Spectrophotometer. The Model 305A is a double-beam, 

single detector photometer with the source light modulated. 

Although primarily designed for atomic absorption, the 

instrument is also capable of flame emission analyses. The 

basic subsystems of the spectrophotometer will now be 

described, followed by descriptions of its accessory com¬ 

ponents . 

The optical system of the Model 305A is depicted 

schematically in Fig. 9. Most of the components of this 

system and of the others serve a common purpose in both the 

atomic absorption and flame emission modes. 

When the instrument is used for atomic absorption, an 

image of the light source is formed on a rotating sector 

mirror which chops the beam. One beam, the reference beam, 

remains entirely within the photometer enclosure. The 

second beam, the sample beam, is passed through the flame. 

The two beams are recombined at a partially-silvered mirror 

and then an image of the source is formed on the entrance 

slit of the monochromator. An order-separating red filter 

with a low wavelength cut-off at about 6500 angstroms may 

be inserted before the light enters the monochromator. 
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Ml 

Exit slit 

Detector 

\ 

Gratings 

M2 

Field lens 

Entrance slit 

Order-s eparating 
filter 

(retractable) 

Fig. 9. Schematic diagram of the optical system of the 

Perkin-Elmer . Model 305A Atomic Absorption Spectrophotometer. 

Ml, M2, ... , M12 are mirrors. The monochromator is of the 

Czerny-Turner type, with a focal length of 400 mm. Two gra¬ 

tings are employed: a UV grating ruled with 2800 lines/mm and 

blazed at 2100 angstroms and a grating for the visible region 

(above about 4200 angstroms) ruled with 1440 lines/mm and 

blazed at 6000 angstroms. The order-separating filter ab¬ 

sorbs wavelengths below about 6500 angstroms. 
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The monochromator is a high-dispersion Czerny-Turner 

system with separate blazed gratings for the UV and visible 

spectral regions. The minimum spectral bandwidth is about 

0.2 angstroms in the UV region and about twice that in the 

visible region. 

The detector is an EMI type 9592B photomultiplier with 

an S-10 (Ag-Bi-O-Cs) photocathode. Since the spectral 

response of the photocathode is an important factor in the 

analyses of the alkali metal elements, it is shown in Fig. 

10. Note that the sensitivity decreases in the red and near 

infrared. 

For flame emission analyses light from the flame itself 

is used. Either DC or AC amplification of the signal is 

possible, the latter being accomplished with another chopper 

which is not shown in Fig. 9. 

The electronics of the Model 305A consist of a high 

voltage power supply for the photomultiplier and low voltage 

sources for the amplifiers, hollow cathode lamps, and other 

circuits. In the atomic absorption mode the signal from 

the photomultiplier is amplified, demodulated, and then 

passed to a log converter circuit. The output from the log 

converter circuit is proportional to the log of the ratio of 

the intensities of the reference and sample beams. The out¬ 

put of the log converter is converted to a DC signal which 

appears on a taut band meter and which is also available for 

external recording and signal processing devices. In the 
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Photocathode: S-10 (Ag-Bi-O-Cs) 

End window: Spectrosil (fused silica) 

Wavelength (in micrometers) 

Fig. 10. Spectral response of the EMI type 9592B photomulti¬ 

plier tube used in the Perkin-Elmer Model 305A Atomic Absorp¬ 

tion Spectrophotometer. Note the rapid decrease in sensitiv¬ 

ity for wavelengths longer than 600 nm. (Data taken from the 

EMI photomultiplier tube catalog.) 
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flame emission mode the log converter is not employed and 

the DC output is linearly related to the intensity of the 

detected light. 

Noise suppression in the Model 305A is achieved by RC 

damping circuits. Four time constants are available. 

Samples in the form of aqueous or other solutions must 

be atomized before flame analyses can be performed. This 

is accomplished by the nebulizer. The solution is drawn 

into the nebulizer through a small diameter polyethylene 

capillary, nebulized by a portion of the oxidant, and then 

mixed with the fuel and the remainder of the oxidant. Large 

droplets are removed by the flow spoiler and flow out of 

the mixing chamber through the drain tube. The fine mist 

which results is sprayed out of the burner head and combusted. 

A solid titanium three-slot burner was used for all 

analyses with acetylene as the fuel and air as the oxidant. 

Gas control system: 

Acetylene was supplied to the burner control box 

through a two-stage pressure regulator at a delivery pressure 

of approximately 12 psi. Compressed air from an air line 

was passed through a filter to remove oil, water, and par¬ 

ticulate matter and then delivered to the control box at a 

pressure of about 65-70 psi. The burner control box (Perkin- 

Elmer part no. 040-0139) provided independent control of 

the flow rates and pressures of both fuel and oxidant in 

addition to control over the ignition and shut down of the 

flame. 
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Recorder: 

Signals derived from the output of the spectropho¬ 

tometer were recorded permanently on a strip chart recorder 

(Perkin-Elmer Model 056). The instrument was also used 

for recording data from the pH measuring equipment. 

Wavelength scan drive: 

The wavelength scan drive consisted of a single-speed 

motor with four gears mounted on its shaft plus two gears 

attached to the wavelength control of the spectrophotometer. 

Eight scanning speeds from 10 to 200 angstroms/minute were 

possible. This assembly was used to examine the emission 

of the flame and of various lamps in the wavelength regions 

around the resonance lines and also for scanning flame 

emission analyses. 

Light sources: 

Two types of light sources were employed for atomic 

absorption measurements: hollow-cathode lamps (HCL) and 

vapor-discharge or Osram lamps. 

Vapor-discharge lamps consist of an inner tube com¬ 

posed of glass or fused silica with oxide-coated electrodes 

sealed into both ends. The inner tube is surrounded by a 

coaxial outer envelope of glass or fused silica, the latter 

being used when the spectral lines are in the ultraviolet, 

which is absorbed by glass. Contained in the inner tube is 

the element whose spectrum is desired and one of the noble 

elements as a filler gas. The filler gas serves to maintain 
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a discharge, which is created by passing an alternating cur¬ 

rent of about 220 volts and 0.2 to 1 amperes through the 

tube. The metal is vaporized by the heat generated by the 

discharge. 

Although vapor-discharge lamps provide inexpensive, 

intense light sources for a number of elements (among them 

are Na, K, Rb, and Cs), they have several disadvantages. 

Since the current density is highest near the axis of the 

tube, the emitting gases there tend to be at a higher tem¬ 

perature than the gases near the walls. Consequently vapor- 

discharge tubes exhibit considerable self-reversal of 
^ *7 

resonance lines. A compromise between the greater sta¬ 

bility and intensity obtained at high currents and the need 

to minimize self-reversal is achieved by running the lamps 

at currents below those recommended by the manufacturer. 

Vapor-discharge lamps have two other drawbacks. They 

require excessively long warm-up time (from fifteen minutes 

to one hour) and in some lamps, especially in the alkali 

metal lamps, there is a tendency for the metal to evaporate 

from one part of the wall and recondense on another, which 

can be most annoying if it happens to occur in the light 

path. 

A hollow-cathode lamp (HCL) consists of a cathode in 

the form of a cup or hollow cylinder and an anode enclosed 

in a cylindrical glass tube with a glass or fused silica 

window at one end. The cathode is constructed of or coated 
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with one or more elements either as pure elements or as 

compounds or alloys. In some lamps, including several of 

the alkali metal lamps, the cathode contains the emitting 

element in the molten form while operating. The tube is 

filled with a rare gas (usually neon or argon) which serves 

a dual purpose. Ions of the gas bombard the cathode and 

sputter off atoms. Collisions of those atoms with excited 

rare gas atoms can excite or ionize the source atoms, thus 

providing its characteristic spectral radiation. 

Hollow-cathode lamps are generally more stable than 

vapor-discharge lamps and are an excellent source of narrow 

resonance lines for most elements. 

Lithium was determined using natural* lithium lamps 

manufactured by Perkin-Elmer and by Westinghouse. Sodium 

and potassium were determined with Osram lamps, a Perkin- 

Elmer Na-K HCL and Westinghouse K and Na HCL's. Rubidium 

and cesium were determined with Osram lamps and Westinghouse 

HCL's. 

Among the alkali metal hoilow-cathode lamps there is 

a trend towards decreasing performance as the atomic number 

increases. Lithium and sodium lamps are quite bright and 

reasonably stable over their life-times. Potassium lamps 

perform less well than lithium and sodium, and rubidium 

*By "natural" it is meant that the isotopic composition of 
the source element is that of the naturally occurring 
element, i.e., the source has not been enriched in a par¬ 
ticular isotope. 
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lamps are worse, in turn, than potassium lamps. Cesium 

lamps are rather feeble sources, even when new. Rubidium 

and cesium lamps tend to draw a large current, which is 

unfortunate in view of their low melting points and high 

vapor pressures. 

pH instrumentation: 

pH measurements were made using a Keithley Model 610C 

Electrometer with a Model 6107 pH Adapter. Beckman type 

39500 (ceramic reference junction) and type 39502 (linen 

fiber reference junction) combination* pH electrodes were 

employed. The type 39500 electrode was used for pH deter¬ 

minations in Tris buffer solutions since Tris is known to 

react with linen fiber junctions leading to unstable junc- 

68 tion potentials. In order to monitor the pH measurement 

and to obtain a permanent record, the output of the electrom¬ 

eter was used as the input to the strip chart recorder. All 

measurements of pH were made at ambient room temperature 

(about 23°C) which was not appreciably different from that 

of the solutions. 

Water purification system: 

Tap water was purified by passing it through a cellu¬ 

lose fiber filter to remove sediment and a Corning Model LD-3 

General Purpose Demineralizer containing a type 3508B ultra- 

high capacity ion-exchange cartridge. The output of the 

*A combination pH electrode is composed of a pH sensitive 
glass membrane electrode and a reference electrode in one 
unit as opposed to separate pH and reference electrodes. 
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demineralizer was used as the feed water for a Corning 

Mega-Pure One-Liter still, the overflow being collected in 

a thirteen gallon polyethylene carboy. The deionized water 

was used for preliminary rinsing of glassware and other 

items. Distillate was collected in a smaller polyethylene 

carboy. 

Balance: 

A Mettler Model H-30 analytical balance was used for 

weighing samples of solids and for calibrating small volumet¬ 

ric glassware and instruments. The balance has a capacity 

of 160 grams, a precision of ±0.05 milligrams, and built-in 

weights with ±0.18 milligram accuracy. Most weight deter¬ 

minations were made as differences, e.g., the weight of a 

beaker plus its contents minus the weight of the beaker 

empty. Samples dried in the oven were allowed to cool in 

a dessicator over Dryerite (anhydrous calcium sulfate) 

before weighing. No corrections were made for the buoyancy 

of air. 

Volumetric glassware: 

Since the capacity of the balance would not permit 

calibration of volumetric flasks above 50 milliliters 

capacity, Class A* glassware was purchased for the prepara¬ 

tion of solutions. Volumetric glassware must be absolutely 

free of grease and other organic substances for it to yield 

*Class A volumetric glassware is generally the most accurate 
available. It conforms to the specifications contained 
in NBS Circular 602.69 
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accurate volumes. Therefore, glassware was soaked in a 

chromic-sulfuric acid cleaning solution and then thoroughly 

rinsed with tap water, deionized water, and then distilled 

water before it was used to prepare most solutions. 

Most volumetric glassware is calibrated to contain or 

to deliver the indicated volume at 20°C, and for use with 

water or dilute aqueous solutions having the same expansion 

coefficient. At an ambient room temperature of 22 to 23°C, 

the corrections necessary are small, being of the order of 

a few parts per ten thousand for volumes from about 100 ml 

to 2000 ml. The enthalpy of solution of some compounds is 

large enough so that when a concentrated solution of one 

of them is prepared, its temperature may be appreciably 

different from room temperature. Therefore, all solutions 

were allowed to equilibrate to room temperature, but no 

temperature corrections to the volumes were applied. 

Ovens: 

A small, gravity-convection oven was used for drying 

moisture sensitive chemicals and other items when it was 

desired to minimize the possibility of dust contamination. 

A larger oven with forced-air circulation was used for 

general purpose drying. 

Apparatus for the transport experiments: 

Bulk-phase model membranes were formed in "U"-shaped 

glass drying tubes (Kimble No. 46025), one of which is 

depicted in Fig. 11. A 3/8 inch diameter stainless steel 
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ball bearing was placed in the tube to provide agitation 

of the solvent membrane. Size 0 soft rubber stoppers were 

used to seal the tubes after cleaning and during experi¬ 

ments. The stoppers served for several purposes: They 

damped the fluid oscillations in the U-tubes which, in 

unstoppered tubes, were large; they prevented contamination 

by dust or small droplets of fluid spilled during filling 

or sampling; and, finally, they were a means of identifica¬ 

tion for each individual tube. The stoppers were numbered 

from one to forty with either a red or black laundry marker. 

The color coding was employed as a means of distinguishing 

one arm of the tube from the other. Such mnemonic devices 

were found to be essential in order to avoid mistakes 

during the large number of operations involved in filling 

the tubes or in taking samples. 

32 
In the experiments of Ashton and Steinrauf and 

4 
Pressman e_t _al. the solvent phase was stirred with a mag¬ 

netic stirrer, i.e., a small glass or Teflon coated magnet 

was placed in the solvent and rotated by means of a larger, 

external bar magnet attached to an electric motor. In the 

early stages of this work a similar device was built. It 

was capable of stirring up to ten tubes simultaneously, 

but was found to be mechanically awkward and unreliable and 

was abandoned in favor of a better method. 

The majority of experiments were performed using a 

New Brunswick Scientific Model R-76 reciprocating water bath 
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shaker as the means of agitation. In this machine the 

platform holding the vessels to be shaken is suspended in 

a stainless steel tank 19 cm in depth by 35 cm in length 

and width, on four ball bearing-mounted arms. The drive- 

arm is linked eccentrically to a drive-shaft wheel which 

is rotated by a pulley coupled to a heavy duty motor. The 

eccentricity and, hence, the stroke length, can be varied 

by means of a slide mechanism. A stroke length of 3/4 inch 

was found to be satisfactory and was maintained throughout 

the course of the experiments. The frequency of oscilla¬ 

tions was variable from 30 to 285 strokes per minute, but 

was fixed at the arbitrary speed setting of 5, corresponding 

to about 140 strokes per minute, vigorous, but not violent, 

agitation. The control knob was taped with masking tape 

to prevent accidental movement. No attempt was made to 

monitor the frequency as a function of time, but as the 

shaker has a solid-state speed controller and was designed 

for continuous duty operation for long periods (weeks or 

months), it is probably a reasonable assumption that the 

motor speed variation was less than 10%. 

Temperature control to 0.5°C was also possible when 

the shaker was filled with water, but most of the experi¬ 

ments were performed at ambient room temperature since the 

spring clips used to hold the U-tubes corroded in untreated 

water. 
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A special rack was built to hold up to forty U-tubes 

in four rows of ten tubes each. Each tube was held in place 

by two spring clips, one at the bottom of the "U" and the 

second on one of the arms. The alignment of the tubes with 

respect to the direction of the oscillatory motion in the 

shaker is indicated in Fig. 11. 

Samples and dispensers: 

An Oxford Laboratories number 8900 transfer pipettor 

was used to fill the U-tubes with the solvent and aqueous 

solutions. It has a variable capacity of from 1 to 5 ml. 

Fixed volume micropipetting instruments from the same 

manufacturer were used for taking samples of the aqueous 

solutions from the U-tubes and also for general purpose 

pipetting in the range from 10 microliters to 1 milliliter. 

It was found that the polypropylene tips used on 

the samplers were a source of (at least) sodium and potas¬ 

sium contamination as they were received from the dis¬ 

tributor. These tips are termed by the manufacturer as 

"disposable," however, this was not economical due to the 

large number of samples to be taken in a single run. For 

those reasons it was decided that an attempt should be made 

to clean the tips. A satisfactory procedure consisted of 

soaking the tips in deionized water followed by several 

rinses with hot distilled water and oven drying at a low 

temperature. 
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Direction of oscillation 

in the shaker bath 

Fig. 11. Schematic drawing of the "U"-tube model membrane 

system. (Drawing is approximately full-scale.) 
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Lab Industries Repipet dispensers were used to dis¬ 

pense variable volumes of ionization buffer solutions and 

occasionally for filling U-tubes. 

The pipettors and dispensers were calibrated gravi- 

metrically using water. A test was made to determine if 

the volume dispensed was dependent upon the properties of 

the aqueous solutions, e.g., density or viscosity. It was 

found that no large errors would be incurred. 

C. Procedure 

1. Preparations for runs 

Prior to each experimental run a number of prepara¬ 

tions were necessary. 

The U-tubes and any glassware used in the preparation 

of solutions were soaked in chromic-sulfuric acid cleaning 

solution, then rinsed with tap water, deionized water, and 

distilled water. With the exception of volumetric flasks 

which were to be filled with aqueous solutions, all glassware 

was dried in an oven. The rubber stoppers, ball bearings, 

sampler tips, test tubes, and test tube caps were cleaned 

by rinsing with deionized water followed by soaking in hot 

deionized or distilled water, and oven drying. 

A number of criteria were considered in the selection 

of the solvents used for forming the bulk-phase membranes. 

In order to form a stable membrane in the U-tube, the sol¬ 

vent must have a density greater than that of the salt 

solutions in both arms and it must be immiscible with water. 
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The former requirement eliminates organic compounds which 

do not contain heavy atoms such as one of the halogens, 

while the latter removes those compounds with a dielectric 

constant above about 10, in addition to those capable of 

reacting with or hydrogen bonding to water molecules. 

The solvent must, of course, be a liquid in the temperature 

range in which the transport experiments are to be conducted. 

Finally, it is highly desirable that the solvent be rela¬ 

tively unreactive and non-toxic. 

Chloroform (p* = 1.49 g/cm^ at 18°C; e = 4.81 at 20°C) 

and ortho-dichlorobenzene (p = 1.30 at 20°C; e = 9.93 at 

25°C) were used for the majority of the transport experi¬ 

ments. Carbon tetrachloride (p = 2.24 at 20°C; e = 2.24 at 

20°C) was used for one sequence of experiments, but its use 

was discontinued for reasons of safety. 

Once the solvent and ionophore for a particular run 

had been selected, a "filling diagram" was prepared as an 

aid in filling the tubes and as a permanent record of their 

contents. The ionophore, solvent, and the solutions used 

to fill each arm were recorded for all tubes. Normally, 

three tubes were filled identically for each permutation of 

their contents. This duplication was made necessary by the 

frequency of accidental contamination during the filling 

with salt solutions and was also desired to measure the 

variability of the overall and relative transport rates in 

*p = density; e = dielectric constant. 
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tubes which are assumed to be equivalent. 

In the experiments of Ashton and Steinrauf a single 

type of cation was placed in each arm of the U-tubes. Be¬ 

cause of the possibility of variations between the absolute 

transport rates in different tubes, this procedure was re¬ 

jected at the outset as a means of obtaining selectivities. 

It might be asked why tubes could not be filled with a 

reference cation on one side and all of the remaining types 

of cations on the other. In addition to being a more complex 

system, the interpretation of the data from such a system 

would be obscured by the absence of any activity coefficient 

data for mixtures of many types of cations and of any ade¬ 

quate theory to estimate those coefficients at the high 

concentrations required. 

By elimination, the configuration used in the majority 

of experiments consisted of a reference ion in one arm and 

various pairs of competing ions in the other arms. If a 

second reference ion and set of competing pairs is simul¬ 

taneously employed, it is possible to obtain the relative 

rates of transport for all the types of cations. 

Given the number of tubes used and the composition of 

the fluids in each one, the necessary solutions were then 

prepared. Salt solutions were normally prepared directly 

from the solids as received, i.e., without drying them. 

The error involved in this procedure is, of course, highly 

dependent on the particular compound, its physical form, 
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and its history, but for the alkali metal chlorides used, 

the error was found to be always less than one percent. The 

desired amount of solid was weighed out, transferred to a 

volumetric flask, and dissolved in distilled water or Tris 

buffer. Ionophore solutions were often made up in a beaker 

using a graduated cylinder to measure the solvent volume. 

This was done because of the limited quantity of ionophore 

available and the odd volumes required. 

When all preparations were complete, the U-tubes were 

filled with about 10 ml of the ionophore solution using 

the Oxford macropipetting instrument. The filling operation 

was carried out in a fume hood to ensure adequate ventilation. 

The tubes were then carried to the room in which the shaker 

bath was situated and were inserted into their spring-clip 

holders. The tubes were then filled with salt solutions. 

Upon completion of the filling, the shaker was started and 

the time of day and the temperature in the shaker bath were 

recorded. 

2. Sampling 

Additional preparations were required before each day's 

samples were taken. Using the filling diagram previously 

prepared, a second diagram, the "sampling diagram," was 

constructed as a guide in sampling of the salt solutions 

for later analysis. 

For each element to be determined a set of test tubes 

was filled with a small volume (2 to 5 ml) of ionization 
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buffer solution. The purposes of this solution are to di¬ 

lute the samples so as to be within the linear portion of 

the absorption or emission calibration curve and to add a 

large excess of another easily ionizable element to avoid 

nonlinearities caused by ionization of the analyte element. 

Sampling was begun by turning off the shaker and 

recording the time of day. The temperature, sample volumes, 

ionization buffer compositions and volumes, and other data 

were also noted. Using the sampling diagram each sample 

was taken and added to a test tube containing the ionization 

buffer. The tube was then capped, inverted to mix the 

liquids, and placed in second test tube rack. A nominal 

sample volume of 0.1 ml, corresponding to dilutions of from 

1 to 20 to 1 to 50, was normally used. When all samples 

had been collected, the shaker was started again and the 

time recorded. An experiment performed with no agitation 

confirmed the assumption that ion transport during the time 

required for sampling (about forty-five minutes) or, for 

that matter, over much longer periods, was negligible in 

the absence of stirring. 

3. Analysis of samples 

Atomic absorption and flame emission spectrophotometry 

are normally employed to measure relative rather than abso¬ 

lute concentrations in flames owing to the considerable 

experimental difficulties of the latter task. It is there¬ 

fore necessary to prepare standards and to construct a 
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calibration or "working" curve for each element to be 

analyzed. Unfortunately, it is difficult or impossible to 

construct one such curve for a given element which can be 

used over a period of days or even for long analyses con¬ 

ducted during one day. Hence, standards were analyzed at 

the same time as the samples. 

Stock solutions of the alkali metal chlorides of 

approximately 1000 |ig/ml* concentration were prepared from 

solids dried at about 120°C for eighteen hours. The solu¬ 

tions of the chlorides of sodium, potassium, rubidium, and 

cesium were prepared directly from the dried solids, while 

that of lithium was prepared from the carbonate by the 

addition of a small volume of concentrated hydrochloric 

acid, followed by dilution to the proper volume. 

Since some solutions sufficiently dilute to be used 

as calibration standards are subject to variations of con¬ 

centration of the order of a few per cent over a period of 

days, and since it is also necessary to add ionization 

buffer to the standards, dilute standards were made up daily 

in one of two ways. One method consists of pipetting a 

small volume (10 to 100 microliters) into a volumetric flask 

which is then filled with the diluting fluid, usually the 

*One microgram per milliliter (pg/ml) is defined as one 
microgram of the analyte element per one milliliter of 
solution. For solutions whose densities are near one, 
1 pg/ml is approximately 1 part per million (ppm), the 
conversion factor being equal to the density of the solution. 
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ionization buffer. The method is suitable when the concen¬ 

tration of the dilute standard is not too many orders of 

magnitude different from that of the stock solution. How¬ 

ever, great care must be taken to ensure that the assumed 

volume has indeed been transferred to the flask during the 

pipetting operation. 

A second method involves two dilution steps, the first 

being made by pipetting a volume of stock solution into a 

volumetric flask and diluting with distilled water and the 

second, by pipetting a small volume of that solution into 

test tubes containing the ionization buffer solutions. This 

method has the advantage that if the volumes used in the 

second dilution are the same as those employed for the 

samples, then the terms expressing those dilutions in the 

conversion formula relating the standard concentrations to 

the concentrations in the U-tubes cancel as do any systematic 

errors in the calibration of the pipettor and the dispenser 

used in both procedures. 

Neither method is completely satisfactory. If only 

one concentration level is used for the standards, then one 

must hope that the dilution has been performed accurately 

if the first technique is selected. With the second alter¬ 

native, it is difficult to distinguish between the inherent 

variability of the analytical technique and errors induced 

by variable volumes in the second step of dilution. 
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The spectrophotometer and recorder having been pre¬ 

viously turned on so as to warm up, and the standards pre¬ 

pared and samples taken, the analysis was begun. After the 

fuel and oxidant valves were opened and the flow rates and 

pressures adjusted, the flame was ignited and the system 

was allowed to reach a thermal steady state. During the 

intervening time various instrumental settings were made 

according to the element and method of analysis. 

The procedure is basically as follows: For a given 

element the spectral line (or lines) whose absorption or 

emission is to be measured is selected, most often by con¬ 

sulting the "cookbook" or analytical methods guide supplied 

by the manufacturer. The sensitivity obtained for a par¬ 

ticular atomic transition depends not only on the transition 

probability between the two states, but is also a function 

of the intensity, stability, and linewidth of the light source 

(for atomic absorption), the composition and temperature of 

the flame gases, the optics of the instrument, and the sensi¬ 

tivity of the detection system. As a general rule, transi¬ 

tions to or from the ground state and low-lying excited states 

2 2 
are employed, e.g., the nQ s±/2 ~ n Pl/2 3/2 transitions 

which give rise to the so-called principal series in the 

spectra of the alkali metals. The lowest terms of the alkali 

metals and the wavelengths of the allowed transitions between 

them are illustrated in Fig. 12. 
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Once the wavelength is known, the proper grating is 

selected depending upon whether the wavelength exceeds 

420 nm or not. For wavelengths greater than about 650 nra 

an order-separating red filter is inserted. The width of 

the entrance and exit slits of the monochromator is then 

set. The choice of the slit width is different for atomic 

absorption than for flame emission. The light source in 

atomic absorption is modulated. Therefore, provided that 

its detected intensity is large enough relative to the 

emission of the flame (including that due to the samples) 

in the wavelength interval centered on the atomic line and 

to the intensity of light of other wavelengths scattered 

through the exit slit, large slit widths, corresponding to 

bandwidths of several angstroms up to a few tens of angs¬ 

troms, may be used. The slits must, however, be set narrow 

enough to exclude any spectral lines from the light source 

which are not absorbed by the analyte element in the flame. 

For instance, neon, the filler gas for some manufacturer's 

sodium hollow-cathode lamps, emits several lines less than 

ten angstroms away from the yellow sodium D lines. A small 

slit width is generally used for flame emission because the 

radiation originating from the element being analyzed is not 

modulated. 

After the optics have been adjusted other parameters 

may be varied to optimize the signal. These include the 

gains of the photomultiplier and amplifier; the vertical, 
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horizontal, and angular positions of the burner head with 

respect to the optical path; the position of the sample 

capillary in the nebulizer; and the fuel-to-oxidant ratio. 

Initially all analyses were conducted by atomic absorp¬ 

tion since the impression was given by the manufacturer's 

analytical methods book that flame emission is more difficult 

to perform than atomic absorption. This proved to be false 

for the alkali metals and flame emission was utilized almost 

exclusively in later experiments. 

Samples, standards, and blanks were analyzed by aspir¬ 

ating about five samples between aspirations of the standard 

and the blank. The purpose of the blank was to correct for 

the presence of the analyte element in the ionization buffer 

and also to correct for background light from the emission 

of the ionization buffer metal scattered into the exit slit 

of the monochromator. The signals from the spectrophotometer 

were recorded on the strip chart recorder. 

4. Analysis of the data 

The heights of the absorption or emission signals 

recorded on the strip chart paper were measured with a 

transparent plastic metric ruler laid over the "peak." 

Tracings of typical signals are illustrated in Fig. 13. 

The zero line on the ruler was positioned at the visually 

estimated zero level ("zero" corresponds to aspiration of 

the solvent, in this case, distilled water) and then the 

average height was estimated to the nearest half-millimeter 
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when possible, to the nearest millimeter otherwise. Oc¬ 

casionally distorted peaks were encountered, requiring a 

rather more subjective interpretation. The causes of those 

irregularities are uncertain, but possible explanations 

are momentary clogging of the aspirator or fluctuations 

in the air line pressure. 

If it is assumed* that the height of the absorption 

or emission signal is a linear, homogeneous function of the 

concentration of the analyte in the aspirated solutions, 

then the analysis of the data proceeds in the following 

manner. 

Let H denote signal height; C, the concentration of 

the analyte in solution; and b, the coefficient of propor¬ 

tionality relating H to C when a solution of that concentra¬ 

tion is aspirated. The relationship is expressed by 

H = bC (3.12) 

Using the subscripts IB, S, and U to identify variables 

pertaining to the ionization buffer, the standard solution, 

and the sample or unknown solution from the U-tube, respec- 

*This assumption is reasonable for Li, Na, K, and Kb provided 
the concentrations are within the linear portion of the 
working curve and that ionization of the analyte is negli¬ 
gible. For Cs the fraction of the emission signal coming 
from Cs atoms exhibits similar behavior. However, the frac¬ 
tion which is background due to scattered resonance radiation 
of the other alkali metals, particularly sodium (in spite of 
the filter) and lithium, does not. Instead it shows the 
nonlinearity characteristic of self-absorption, increasing 
approximately as the square root of the concentration for 
high concentrations of the interfering element. 



tively, Eqs. (3.13), (3.14), and (3.15) relate all of the 

measured and unknown quantities involved in the simplest 

conceivable experiment. 
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H 
IB 

= bC 
IB 

(3.13) 

(3.14) 

(3.15) 

The V's stand for volumes. Equation (3.13) represents the 

concentration of the analyte in "pure" ionization buffer 

solution. Equation (3.14) expresses the fact that the. 

ionization buffer and the standard solution each contribute 

to the signal of the standard, the contributions being 

weighted by their respective volumes. Vc and C are the 
o S 

> 

volume and concentration of the stock solution if the 

standard is prepared by a single step dilution. If a two- 

stage dilution is performed, they are then the volume and 

concentration of the intermediate solution. Similarly, Eq. 

(3.15) relates the observed signal to the two sources of 

the analyte when the samples are diluted. 

Now, in general, Vg or Vy are at least one order of 

magnitude smaller than VIg or V-j-g. For example, if samples 

of 0.1 ml are added to 4.0 ml of ionization buffer, 

v^B/(
viB

+VU^ = °*98 and Vu/^VIB+VU^ = °*02- Furthermore, 

the contribution to Hg (Hg) of the first term in Eq. (3.14) 

(Eq. (3.15)) usually is either much smaller (less than 10%) 
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than that due to second term or else the terms are of com¬ 

parable magnitudes but the signals are small or noisy. In 

both cases it is reasonable to simplify (3.14) and (3.15) 

by setting the factors multiplying equal to 1 to obtain 

Hs = bCIE + b CS 
(3-16> 

and 
vu 

HJJ = bCJB + b Cy . (3.17) 
IB U 

If H__, is used for the product of the unknowns b and 
.LB 

CIB, Eq. (3.16) may be solved for b and (3.17) for Cy and 

the two resulting equations combined to yield 

«U Cu H„-H 
-
H
IB viB+vu 

x ——  x 
V, 

IB 
V, 
Ü. 

VIB+VS 
(3.18) 

The data were analyzed by assuming that the best estimates 

of HTO and EL, are HTt} and Hc, i.e., the means of the heights 

for all the aspirations of the ionization buffer and standard 

solutions. 

Equation (3.18) probably yields values of Cy which are 

within 5 or 10% of their true values. No detailed error 

analysis or estimates of the errors in the data will be pre¬ 

sented here, though the topic has been considered in some 

detail. Basically, the errors arise from three sources: 

(1) The inherent variability of the analytical instru¬ 

ment caused by fluctuations in the flame, nebulizer insta¬ 

bilities, photomultiplier noise, etc. 
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(2) Errors in the sample signals caused by errors in 

the dilution process, by contamination, or by physical or 

chemical differences between the samples and the standards. 

(3) Errors in the construction or use of the calibra¬ 

tion curve due to dilution errors, contamination, nonlinear- 

ities of various origins, stock solutions whose concentration 

is in error, etc. 

After the concentrations of the various elements in 

the arms of the U-tubes were obtained, two other calculations 

were necessary before the data could be plotted. First 

the time intervals between the beginning of shaking and the 

first sampling, and between each day's samples were cal¬ 

culated and converted to fractions of one day. Second, 

since taking samples changes the volume of the aqueous 

solutions into which the ions are being transported, the 

concentrations of a given element must be multiplied by a 

reduced volume to obtain a valid estimate for the number of 

ions of the element in the solution just prior to taking 

the samples, and, hence, of the flux. The correction is 

small, but significant. For example, if two samples, each 

of 0.1 ml, are removed each day for five days from an 

initial volume of 10 ml, the final volume on the fifth day s 

is 9 ml. 
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IV. Data and Results 

For several reasons it is desirable to present the 

results of our experiments in the same order as they were 

obtained. Such an exposition will explain the various 

modifications of our experimental procedure between the 

earlier and latter experiments. It will bring out some 

of the advantages and disadvantages of the method we have 

employed to measure selectivities compared to the methods 

used by others (see Part V). Finally, it will emphasize 

the importance of the fact that the nigericin-like iono- 

phores may transport hydrogen ions in addition to the alkali 

metal cations. 

Before we begin, we recall that in Part II the 

relative selectivity for our model system was defined by 

the ratio K_./K_ of the complex formation equilibrium con- 

stants (neglecting activity coefficients) for the two 

competing cations B+ and C+ in the equation (Eq. (2.9)) 

dBl+/dt = _ fB . 

dCl /dt k
IC 

c c2 

(4.1) 

provided that a steady-state exists. The ratio on the 

left hand side is the ratio of the transport rates, i.e., 

the ratio of the slopes of the lines giving the concentra- 

. + + + + 
tions B^ and as functions of the time. and 

are the initial concentrations of the competing cations in 
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compartment 2. (Compartment 1 contains the reference 

cation.) 

We also assumed earlier that the ratio KJB/K^C 

representing the effects of diffusion and stirring was 

unity since the complexes have similar masses. Thus the 

selectivity ratio for two cations B+ and C+ is given by 

Kc C* dB.
+/dt 

+  (4*2) 

C B2 dC1 /dt 

For a particular ionophore there is usually a cation 

complexed or transported best by it. If we define K for 

it to have magnitude 1, then the selectivities relative 

to that ion may be expressed as dimensionless numbers 

less than or equal to one. Furthermore, to facilitate 

comparisons of relative selectivities, we shall mean by 

the symbols ’W, ">", "»" placed between the symbols for 

two cations that the relative selectivities are, respect¬ 

ively, approximately equal, different by a factor less than 

about 10, and different by a factor greater than about 10. 

A comma placed between the symbols for two cations will 

mean that the data are such that no ordering is possible. 

Our early experiments utilized a magnetic stirring 

32 
system and ”U"-tubes, as did Ashton and Steinrauf. 

Though transport of cations was observed using the system, 

the apparatus proved to be unreliable. Therefore, the 

data obtained with it will not be discussed here. 
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The first successful experiment using the shaker bath 

apparatus measured the transport of the alkali metal cations 

by the ionophores dianemycin, monensin, and nigericin. The 

"U"-tubes were filled with solutions of each of the iono¬ 

phores in ortho-dichlorobenzene, the solution concentrations 

-4 
being all about 1 x 10 M. Approximately 1M salt solutions 

prepared from the chloride salts of each of the alkali 

metals were used to fill the "arms." The arm containing 

the "reference" cation (in this experiment either Na+ or 

K+) was filled with about 10 ml of that solution. The other 

arm was filled with about 5 ml of each of the solutions of 

the two "competing" ions whose relative transport rates 

were sought. (In all succeeding experiments except the 

last two, the same volumes were used.) Thus for each 

ionophore and each reference cation, say Na+, there were 

six tubes containing the pairs: Li+-K+; Li+-Kb+; Li+-Cs+; 

K+-Kb+; K+-Cs+; and Rb+-Cs+. All concentrations of the 

transported ions were measured by atomic absorption. 

The data from the first experiment, while not of 

sufficient quality or quantity to justify any numerical 

estimates of the relative selectivities, do suggest the 

following selectivity sequences for ortho-dichlorobenzene. 

Dianemycin : Na+ > K+ > Rb+ > Li+ » Cs+ 

Monensin : Na+ » K+ > Li+ » Rb+ » Cs+ 

Nigericin : K+ » Rb+ > Na+ » Li+, Cs+ 
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Several other remarks may be made about the data. 

First, the concentrations of the transported cations seem 

to depend linearly on the time for all three ionophores. 

Second, the net flux of the reference cation through the 

"membrane" in one direction was approximately equal to the 

sum of the net fluxes of the two competing cations in the 

opposite direction. Finally, the absolute transport rate 

as measured by the net flux of the reference cation or 

the sum for the competing cations depended significantly 

on the particular three cations in the arms of the "U"-tube, 

but did not vary by much between the different ionophores, 

provided their individual complexing preferences were taken 

into account. The transport rates were typically 1 mole 

of cations per day per mole of ionophore. 

Since there was more monensin available than 

dianemycin or nigericin, two further experiments were per¬ 

formed with it in orthodichlorobenzene in an attempt to 

improve the data and to measure the variability of the 

transport rates between several "U"-tubes containing the 

same solutions. The tubes were filled with the same con¬ 

centrations and combinations of ions as before, except 

that three replicate tubes were filled instead of one. 

Atomic absorption was used to measure the concentrations 

of all the transported cations. 

The results were similar to those obtained for monensin 

in the first experiment. The selectivity sequence was the 
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same, the data were of variable quality, and Cs+ transport 

could not be detected over the course of the experiments 

which lasted twelve days and eleven days, respectively. 

Among replicate tubes, the transport rates for a particular 

cation differed in some cases by a few percent, in others, 

by up to forty or fifty percent. 

However, in these experiments, unlike the first one, 

sample taking and analysis began on the day after the 

experiment was begun instead of a few days later. The 

plots of data (concentration versus time) revealed a con¬ 

sistent apparent violation of electroneutrality in the 

first few days. By this we mean that the measured cation 

fluxes appear to indicate a net movement of charge through 

the solvent membrane if it is assumed that only those cations 

can pass through the barrier. But since the currents in¬ 

volved are on the order of .1 to 1 microampere (1 micro¬ 

ampere is equivalent to a flux of ions sufficient to in¬ 

crease the concentration of that ion in a 10 ml volume by 

-4 
1 x 10 moles per liter in one day), it seems more reason¬ 

able to assume that some other ion or ions are being 

transported or are diffusing through the membrane. The 

latter possibility was eliminated by control experiments 

with no ionophore in the solvent. 

The deviations were of the following form.* For the 

competing ions, the concentration versus time plots were 

*These deviations are better illustrated by data from a 
latter experiment. Please see Fig. 14. 
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smooth, increasing, nearly linear functions of the time. 

The plots for the reference cations (Na+ or K+) were sig¬ 

moidal, with a small slope for the first few days followed 

by a rapid increase of the transport rate and then an even¬ 

tual decrease to a rate about equal to the sum of the rates 

for the competing ions. The plots for the reference cation 

were not all of the same shape. For some the transition 

was gradual, for others it was almost discontinuous. 

This anomalous behavior was not immediately understood, 

but the most plausible explanation seemed to be transport 

of some other ion, probably hydrogen ions. In the meantime, 

another experiment was performed using two additional sol¬ 

vents, chloroform and carbon tetrachloride, and with two 

modifications of the experimental procedure suggested by 

the previous experiments. 

Since there were large disparities between the trans¬ 

port rates of cations with greatly different selectivities 

for a particular ionophore (e.g., Cs+ ions competing against 

Na+ ions for transport by monensin), and since a theory 

70 ... previously developed by Huang for the nigencm-type 

ionophores suggested that a small selectivity for an ion 

could be compensated by increasing its initial concentra¬ 

tion relative to that of the competing ion (and vice versa), 

it was decided to weight the initial concentrations of the 

competing cations by factors roughly equal to the reciprocals 

of their estimated selectivities. This modification also 
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reduces the range of concentrations of the samples of any 

element obtained from the different tubes on one day. 

The second modification was to use alkali metal salts 

of higher purity ("ultra-pure" instead of "reagent grade") 

to avoid measuring small differences between relatively 

large concentrations. (The main trace metal contaminants 

in the chlorides and other salts of the alkali metals are 

the alkali metals themselves, with the possible exception 

of lithium.) 

For the experiment with the three solvents with dif¬ 

ferent dielectric constants, monensin was the ionophore 

used. Three replicate tubes were filled using all three 

possible combinations of Li+, Na+, and K+ as reference and 

competing cations. The concentrations of the lithium, 

sodium, and potassium solutions used to fill the tubes were 

about IM, .01M, and .5M, respectively. 

The results for ortho-dichlorobenzene were as ex¬ 

pected. The differences in the relative selectivities for 

the three cations were approximately compensated by the 

changes in the concentrations of the filling solutions as 

was shown by the similar transport rates for the competing 

pairs. Once again the plots for the competing ions were 

lines, but those for the reference cation were curved. 

The apparent violation of electroneutrality increased in 

the same order as the monensin selectivity sequence de¬ 

creased, i.e., it was greatest for Li+ as the reference 

cation but least for Na+. 
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On the other hand, the plots for all three ions for 

chloroform and carbon tetrachloride were curves. In addi¬ 

tion, those solvents also showed apparent deviations from 

electroneutrality. Since this and latter data for transport 

by monensin in chloroform do not seem to be in accord with 

the predictions of the simple model developed in Part II, 

further discussion of it will be postponed until Part V. 

From the data obtained with orthordichlorobenzene it 

was possible to calculate the monensin selectivities 

(relative to Na ) for Li and K . They are: 

«Li^Na = -015 (1 tube) 

KR/KNa = .028 ± .002 (3 tubes) 

The tubes with Na+ as the reference cation give an inde¬ 

pendent estimate of the Li+-K+ selectivity ratio: 

K^/Kjç = .64 ± .10 (6 tubes) 

which should be compared to the ratio of .54 obtained from 

the selectivities relative to Na+. The transport rates 

were calculated by making unweighted least squares linear 

fits to the concentration versus time data with corrections 

for the volume changes due to sampling. The errors given 

represent only the standard deviations of the results from 

the replicate tubes and should not be taken as measures of 

the actual errors, which are larger. 

Although the experiments of Ashton and Steinrauf 

demonstrated that the nigericin-type ionophores could 
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exchange hydrogen ions for alkali metal cations across a 

bulk-phase membrane, they gave no information on the rela¬ 

tive rates of proton and alkali cation transport. If it 

is assumed that the apparent violations of electroneu¬ 

trality are due to proton transport, then they might be 

explained by supposing that there was a small initial 

electrochemical potential gradient for protons which was 

in the same direction as the gradient for the reference 

cation. (Why that should be true for three different 

reference cations, as in the previous experiment, is not 

clear.) 

Then if the ionophore acid-base reactions are much 

faster than the complex formation and dissociation reactions, 

a small initial proton electrochemical potential gradient 

might be dissipated within a few days. Since the hydrogen 

ions and the reference cations are competing, the flux 

would initially be composed mainly of protons but at later 

times it would shift to the reference cation. Thus the 

transport rate of the reference cation would be small for 

the first few days, but larger after the hydrogen ions 

reached an "equilibrium." 

To test this hypothesis, an experiment was run to 

measure the competition between protons and the alkali 

metal cations Li+, Na+, and K+. Once again, monensin in 

ortho-dichlorobenzene was used. The concentrations of the 

salt solutions used to fill the tubes were about 1M for 
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Li+, .01M for Na+, and .5M for K+. Their pH's were, 

respectively, 5.6, 5.0, and 4.9. A dilute solution of 

hydrochloric acid with a pH of 1.5 was the source of 

hydrogen ions. Three replicate tubes for each of the 12 

(4 x 3) possible combinations of reference cation and com¬ 

peting cations were filled. 

The results were surprising. Instead of competing 

with the alkali metal cations, the higher proton concen¬ 

trations seemed to suppress the transport of all cations. 

Only in those tubes containing no acid at all was the 

transport of the alkali metals comparable to that observed 

in earlier experiments. 

These results were quite puzzling at the time, but 

now there seem to be several explanations for them. During 

71 . 72 
the original work on the isolation and chemistry of 

monensin, it was observed that monensin "degrades rapidly 

under acid conditions." However, there was a slight amount 

of alkali cation transport in some tubes, so that all of 

the monensin could not have been destroyed by the acid 

in the aqueous phases. In two-phase experiments with 

4 
nigericin and dianemycin, Pressman et aJL. found that the 

uptake of radioactive Rb+ into the organic phase was small 

when the pH of the aqueous phase was less than about pH 8, 

but it increased rapidly for pH's above 8. Perhaps it is 

very difficult for monensin to form complexes from the 

undissociated acid. Another possibility is existence of 
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different forms of the monensin complexes at different pH 

73 
values. Gertenbach and Popov claim there are two forms 

of the monensin-sodium complex with different configura¬ 

tions and stabilities. Which of these possibilities, if 

any, is the correct explanation is still not clear. 

Some additional data on monensin selectivities in 

ortho-dichlorobenzene were obtained from the experiment: 

I^Li/K^a = .0083 ± .0002 (3 tubes) 

KK/KNa = .023 ± .003 (3 tubes) 

.J/KJç = .36 (from the above ratios) 

K^/Kjç = .49 ± .03 (3 tubes) 

It is again important to note that the standard deviations 

provide only an estimate of the variation in the ratios 

of transport rates between replicate tubes. 

The data for the tubes containing only the alkali 

metal cations are illustrated in Fig. 14. Note the large 

apparent violations of electroneutrality for Li+ and K+. 

Although the attempt to measure proton-alkali metal 

competition was unsuccessful, measurements of the final pH 

provided some supporting evidence for the hypothesis. The 

initial and final pH values in the reference cation solu¬ 

tions are also given in Fig. 14 for six tubes. In each 

case the final pH was higher than the initial pH, i.e., 

protons were transported in the same direction as the 

reference cations. However, the magnitudes of the pH 
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Fig. 14. Some concentration versus time plots from an exper¬ 

iment with the cations H+, Li+, Na+, and K+. (See the text 

for more details.) Note the deviation from linearity and the 

apparent violations of electroneutrality for Li+ in tubes 17- 

19 and for K+ in tubes 37-39. The occasional anomalous 

points (e.g., the third Na+ data point for tube 17) are the 

result of contamination during sampling, o = lithium; o = 

sodium; ■ = potassium; • = overlapping points. 

Tube Reference cation Competing cations Initial pH Final pH 

17 Li+ Na+ K+ 5.6 _ 

18 11 11 II 6.1 
19 ft 11 II 6.2 
27 Na+ Li+ K+ 5.0 
28 It 11 11 6.3 
29 II II II 6.3 
37 K+ «_ • Hh - _ + Li Na 4.9 
38 11 ii II 6.4 
39 II H II 6.4 
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changes do not seem to correlate quantiatively with the 

magnitudes of the electroneutrality violations. 

Incidentally, with this experiment the use of atomic 

absorption to measure concentrations of the alkali metals 

was abandoned in favor of the flame emission method. The 

latter proved to be about one order of magnitude more 

sensitive, in addition to being more convenient and less 

time consuming. 

To avoid the problems which seemed to be due to pro¬ 

ton transport, it was decided that the salt solutions should 

be buffered at a high pH. Tris- (hydroxymethyl) aminomethane 

or tris, for short, was selected as the buffer since it is 

available in high purity form and it had been used in 

mitochondrial experiments with the nigericin-type ionophores. 

The pKa of tris is 8.30 at 20°C, so that a buffer prepared 

with distilled water at pH 7 and equal moles of tris and its 

hydrochloride would have a pH of 8.30 at 20°C. 

(The selection of tris may have been an unfortunate 

choice since tris is a primary amine, i.e., it has an NH2 

group, and it may possibly form complexes with nigericin- 

type ionophores.) 

In the first successful experiment with buffered salt 

solutions, monensin in ortho-dichlorobenzene was used. 

Solutions buffered at about pH 8.3 were prepared having 

concentrations of about .1, .01, .1, 1, and 1 moles/liter 

for Li+, Na+, K+, Kb+, and Cs+ chloride, respectively. 
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+ + Na and K were the reference cations and three replicate 

tubes were filled, as usual. The monensin concentration 

-5 was 5 x 10 M. 

The results were as follows: The plots for the com¬ 

peting ions were straight lines, except for Cs+, which 

could not be detected even after four days. There were 

still apparent violations of electroneutrality since the 

slope for the reference cation sometimes did not equal the 

sum of the slopes for the competing pair. The selectivity 

data are given in Table I. 

The large range of relative selectivities exhibited 

in Table I suggests that it is fruitless to perform experi¬ 

ments in which the selectivities of the two competing cations 

differ by many orders of magnitude, even if the initial con¬ 

centrations are weighted. Therefore, a more reasonable 

approach is to use only those competing pairs of cations 

whose selectivities do not differ widely, e.g., "nearest 

neighbors" in the selectivity sequence for a particular 

ionophore. From among the remaining cations, the reference 

ion would be selected to maximize the overall transport 

and/or the signal to noise ratio. 

This approach was adopted in the next experiment, in 

which parallel experiments were run with monensin in ortho¬ 

dichlorobenzene and in chloroform. Potassium was used as 

the reference cation whenever Rb or Cs ions were com¬ 

peting since the photomultiplier is much less sensitive to 
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scattered potassium resonance light than to scattered sodium 

resonance radiation. The contents of the tubes and the 

selectivity ratios obtained for monensin in ortho- 

dichlorobenzene are given in Table II. 

In ortho-dichlorobenzene the selectivity differences 

were approximately compensated by initial concentration 

weighting, but still no Cs+ transport was detected. The 

plots were linear for most tubes, but the transport rate 

for the reference cation was often not equal to the sum 

of the rates for the competing ions. In some cases the 

former was one or two orders of magnitude larger than the 

latter. There was also indirect evidence for transport 

of the silver ion (Ag+) by monensin, with a relative 

selectivity for Ag+ larger than that for Na+, and perhaps 

some indirect evidence for thallium (Tl+) transport. 

(Thallium and silver complexes of the nigericin-group 

ionophores were used in some of the X-ray crystallographic 

structure determinations.) 

For monensin in chloroform the plots for all ions 

were, once again, curved. This would seem to indicate that 

the curvature is due to something other than proton trans¬ 

port since it is present with and without buffering. 

In the last experiment to be described here, the 

saturation kinetics phenomena predicted by the carrier 

model were examined. Monensin in ortho-dichlorobenzene was 

used and solutions of sodium and potassium chloride of 
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varying concentrations were prepared using equimolar tris 

buffer. 

Two sets of tubes were filled, one in which the Na+ 

concentration (in one arm of the ”U”-tube) was fixed at 

about .1M while the K+ concentration (in the other arm) 

was varied from OM to about .1M, and another in which the 

K concentration was fixed at ,1M and the Na concentration 

was varied over the same range. Three replicate tubes 

were used for each concentration except zero, for which 

two were used. 

Figure 15 illustrates the data. The ordinate is the 

transport rate per mole of ionophore and the abscissa is 

the varied concentration. Three things should be noted in 

the figure. First, the transport rates of the cations 

whose concentrations were varied exhibit the asymptotic 

or saturation behavior predicted by a carrier model. 

Second, the transport rate becomes independent of the con¬ 

centration of the varied cation at a much lower concentra¬ 

tion for Na+ than for K+. (This shows that weighting the 

initial concentrations of competing cations works well only 

for small concentrations.) Finally, since the transport 

rate of the cation whose concentration is held fixed is 

roughly constant, there must be some other ion being trans¬ 

ported, presumably the hydrogen ion. 

Figure 16 shows the data for the varied cations re¬ 

plotted in double-reciprocal form. Note that the data for 
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nate; transport rate (in moles/liter/day, x 10-^). Abscissa: 

concentration (in millimoles/liter) of the cation whose con¬ 

centration was varied. Each data point (except those for 

zero concentration of the varied cation) represents the mean 

rate for three tubes. (For more details see the description 

of the experiment in the text.) a = sodium; ■ = potassium; 

• = overlapping points. 
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K+ now fall on a line (except for the point at the lowest 

concentration), as was predicted for a carrier model in 

Part II. The Na+ data are also approximately linear. 

The results presented here are by no means complete, 

since they are mainly on one ionophore (monensin) in one 

solvent (ortho-dichlorobenzene). They do show that it is 

possible to obtain information on ionophore selectivities 

using a simple model system. However, the inconsistency 

of the data obtained in chloroform and carbon tetrachloride 

with the predictions of the simple theory developed in 

Part II raises some questions concerning the validity of 

the assumptions made there. This problem and others will 

be discussed more fully in the next part. 
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V. Discussion and Conclusions 

In this final part we will first describe the 

methods and systems used by other workers to estimate the 

cation selectivities of dianemycin, monensin, nigericin, 

and other ionophores. We will then discuss their results 

and compare them to our own, considering after that the 

relative advantages and disadvantages of the various ex¬ 

perimental techniques. To conclude, we will emphasize 

the most important results from our experiments and sug¬ 

gest several future experiments which may provide a clearer 

understanding of the behavior of these ionophores. 

To describe the experimental work of other labs, we 

will again employ the classification used in Part I, i.e., 

by the number of phases involved in the experiment and 

by whether it was done in an equilibrium or a time-varying 

system. 

Results on the complexing properties of the nigericin- 

type ionophores in one-phase systems first appeared in the 

literature in the early seventies. 

19 Lutz ert ad.. used sodium and potassium ion-selective 

electrodes and pH titrations to measure the "complex 

formation constants" K' (no activity corrections were 

applied) of monensin and nigericin in methanol (MeOH) and 

in a mixture of methyl cellusolve (MCS, CH^OO^Q^OH) and 

water (80:20, weight/weight). The values they obtained for 

K' are given in Table Ilia. 
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In two latter papers from the same laboratory, 

microcalorimetry was applied to study the complexation 

by monensin, nigericin, and several of the valinomycin- 

group ionophores of sodium and potassium ions in methanol 

74 75 
at 25°C. ' The enthalpy change (AH) during the reaction 

and the (concentration-dependent) equilibrium constant K' 

were measured in independent experiments. Activity cor¬ 

rections were applied using independent data obtained by 

vapor pressure osmometry and estimates calculated using 

the Debye-Hvickel equation. To insure that monensin and 

nigericin were in their anionic form, measurements with 

them were made in the presence of an excess of base. 

After making activity corrections, the standard free 

energy and entropy changes were also calculated using 

the formulae 

lG° = -RT In K (5.1) 

and AS° = (AH°-AG°)/T . (5.2) 

Their results are given in Tables Illb and IIIc. 

76 Haynes et ajL. have studied the complexation of 

Na+ by monensin, nigericin, and a number of the valinomycin- 

23 
group ionophores using Na nuclear magnetic resonance 

spectroscopy. They claim a linear correlation exists 

23 
between the Na chemical shift and the free energy of 

complexation of the neutral ionophores in methanol. Al¬ 

though their values for the chemical shifts of the monensin 

and nigericin sodium complexes when combined with the 
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thermodynamic data just given do not yield points on their 

line, it is not possible to tell from just two points 

whether or not such a linear relationship exists for the 

nigericin group. 

They also used their data to calculate lower limits 

for the complex formation and dissociation rate constants 

for the neutral ionophores studied. Unfortunately, their 

data were not precise enough to perform the same calcula¬ 

tion for monensin and nigericin. 

77 Feinstem and Felsenfeld used the fluorescent 

"probes" l-anilino-8-napthalene sulfonate (ANS) and 

2-p-toluidinyl-6-napthalene sulfonate (TNS) to detect the 

formation of alkali metal cation-ionophore complexes in 

water. They found that the interaction of the ionophore- 

cation complexes with the fluorescent dye molecules altered 

several properties of the fluorescence. By observing the 

fluorescence behavior as a function of the type and con¬ 

centration of the cation, they were able to obtain 

selectivity sequences. Unfortunately, although their 

method seems capable of yielding quantitative estimates 

of the selectivities, they have given such numerical data 

only for valinomycin. 

For nigericin with either ANS or TNS as the probe, 

the selectivity sequence was K > Rb > Na > Cs (their 

inequality signs). Curiously, no fluorescence changes 

were observed upon the addition of alkali metal cations 



112 

to monensin solutions. (For a further discussion of this 

anomaly, see pages 94-95 of reference 5.) 

In a different type of fluorescence experiment 

78 
Cornelius et. ajl. employed the fluorescence of the 

thallium I ion (Tl+) in solution to study cation complex¬ 

ation by a number of ionophores. The quantum yield (the 

ratio of the number of fluorescent photons to the number 

of absorbed photons) of the Tl+ ion is reduced by com¬ 

plexation to less than 10% of its value in solution in 

methanol. By titrating Tl+ solutions with solutions of 

various ionophores, they determined the "binding constants" 

K' (no activity corrections) of Tl+ for the ionophores in 

methanol at 25°C. Knowing these, they then measured the 

ratios K' /K1 by titrating solutions of the Tl+ complex 
M Tl + 

with solutions of various metal cations M . 

Their value of K' , for monensin and the values of 
Tl+ 

K1 for the Na , K , Rb+, and Cs complexes calculated from 

their data are given in Table Hid. Unfortunately, their 

paper gives no pH values for the methanol solutions, nor 

any indication as to whether or not they were buffered. 

73 . . . 
Gertenbach and Popov have studied monensin and its 

alkali metal complexes by a variety of techniques in several 

solvents. They have measured the pKg of monensin in 

methanol and find that it is 10.15 ± 0.05 at about 25°C. 

That result, they state, implies that monensin is a rela¬ 

tively weak acid in methanol, so that in neutral solutions 
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(pH 8.35 in methanol at 20°C) it exists primarily as the 

undissociated acid. 

Having measured the acidity constant of monensin, 

they then performed potentiometric pH titrations of the 

acid in methanol using sodium perchlorate solutions of 

various concentrations. From their data they calculated 

the equilibrium constant K^' for the reaction 

MonH + Na+ £ MonNa + H+ 

and obtained values ranging from 0.17 ± 0.07 to 0.79 ± 0.04, 

indicating that the undissociated acid (at neutral pH's) 

forms complexes with Na+ much less readily than does the 

monensin anion (at the higher pH values used in the ex- 

74 75 
periments of the Swiss group under Simon ' ). 

The equilibrium constant ' may be written as the 

product of the equilibrium constants ' and 1 for the 

reactions 

MonH *- Mon” + H+ 

— ■"* 

and Mon + Na «- MonNa. 

Using their data for the first two equilibria, they esti¬ 

mated that the equilibrium constant 1 for the third 

9 3 
reaction was about 10 , a factor of about 10 greater than 

the values obtained by other groups (see Table III). 

This result, combined with infrared spectral data 

in methanol and chloroform, led them to postulate the 

existence of two forms of the monensin-sodium complex with 

different structures and stabilities. 
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There is other interesting information in their 

paper. However, for our present purposes it is sufficient 

to mention that they also obtained selectivity data from 

other potentiometric pH titrations of the undissociated 

acid using other salts. Apparently, a quantitative analysis 

of their data has not yet been published, but they did find 

the selectivity sequence Ag+ > Na+ > K+ > Rb+ > Cs+ > Li+ 

£ NH^+ (their inequality and equality symbols) for monensin 

in methanol at 25°C. 

51 Chock has measured the kinetics of the complex- 

• + , ii, • 

ation of Na by mgencin m methanol at 25°C. He obtained 

a value of about 2x10^ M ^sec ^ for the complex formation 

reaction rate and about 2x10^ sec ^ for the dissociation 

reaction rate by means of an electric-field pulse relaxa¬ 

tion technique. The ratio of the rate constants yields 

4 -1 
an apparent equilibrium constant K' of 1x10 M . No 

further details of this experiment seem to have been 

published. 

One technique which has not been fully exploited to 

measure selectivities for the nigericin-type ionophores 

is to observe the shift in the apparent pKg of the ionophore 

in the presence of a fixed concentration of a complexable 

79 cation. Pressman has measured the pK's of a number of 
u 

carboxylic ionophores and their derivatives by titrating 

them with the base tétraméthylammonium hydroxide. The 

solvent was 90% ethanol: 10% water; the temperature was 
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30°C. For nigericin he observed a shift from a pK^ of 

8.45 in the absence of potassium ions to a pKQ of 5.75 

when 10 mg (sic) of potassium thiocyanate was present. 

For monensin, the shift was from 7.95 to 5.20; for dia- 

nemycin, from 7.85 to 5.10. 

There is very little data on the pK^'s of the 

nigericin-group ionophores other than that contained in 

the reference just cited. A compilation of their physical 

constants lists the pK^’s of dianemycin, monensin, and 

nigericin in 66% dimethylformamide-34% water as 6.6, 6.65, 

80 and 7.6, respectively. 

The relative stabilities of the crystals grown from 

solution of the various metal complexes of ionophores may, 

perhaps, also provide some information on ionophore 

81 selectivities. For instance, Pinkerton and Steinrhuf re¬ 

ported in their paper on the structures of the metal com¬ 

plexes of monensin that they were able to obtain good 

crystals with sodium, silver, and potassium, poor crystals 

with rubidium and thallium, and they were unable to form 

2+ crystals with lithium, copper (presumably Cu ), cesium, 

or ammonium ions. 

Essentially the only data available on the selecti¬ 

vities of the nigericin-group ionophores in two-phase 

systems are the measurements of Pressman and his 

4 29 53 82 colleagues. ' ' ' Since we have described the tech¬ 

niques used in these experiments in Part I, we will con¬ 

fine our comments on these experiments to three remarks. 
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First, as was mentioned earlier, the extent of 

extraction of alkali metal cations into the organic phase 

by the nigericin-type ionophores is strongly dependent 

upon the pH of the aqueous phase. 

Second, it should not be assumed in multi-phase 

experiments that the organic phase is composed solely of 

the stated constituents. For example, Haynes and 

82 Pressman found that the concentration of water in the 

organic phase could exceed 1 mole/liter. This absorbed 

water not only changes the macroscopic dielectric constant 

(sometimes in an anomalous manner), but it may also solvate 

ions and/or interact selectivity with other dissolved 

solutes such as ionophores and their complexes. There is, 

73 . 
in fact, proton NMR evidence in various solvents for two 

sites on the monensin-sodium complex at which a water 

molecule may bind and for exchange between that bound 

water and "free" water in the solvent. 

Finally, there seems to be a solvent dependence 

for the extraction by the nigericin-type ionophores which, 

while not as large as that measured for the members of the 

82 
valinomycin group, is still significant. 

We will not present any of the two-phase results in 

numerical form, although it is possible to extract some 

numbers from the bar graphs which have been used to pre¬ 

sent most of the data. The selectivity sequences obtained 

from two-phase experiments, as well as those from the one- 
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phase measurements just described, the three-phase measure¬ 

ments to be considered next, and from our measurements, 

are collected in Table IV. 

All of the three-phase or model membrane experiments 

performed so far can be classified as kinetic measurements, 

even though the cation-ionophore reactions may not be the 

rate-determining steps. We will emphasize experiments 

using non-biological systems, since the interpretation of 

the resulting data is subject to fewer complicating 

influences. 

Some of the model-membrane transport experiments 

have demonstrated only that the nigericin-type ionophores 

can exchange protons for alkali metal cations across 

solvent barriers^ 

32 
Ashton and Stemrauf employed magnetically-stirred 

solvent barriers in "U"-tubes in their experiments. The 

concentrations of the ionophores in their chloroform mem¬ 

branes are approximately the same as the ionophore concen¬ 

trations we have used. However, in their experiments 

one side of the "U"-tube was filled with distilled water 

at pH 7 and the opposite side with 1M salt solutions at 

the same pH. They measured the pH of samples from both 

sides of the tube over a period of four days. Assuming 

a one-to-one exchange of protons for metal cations, they 

obtained the selectivity sequences given in Table IV. 
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19 
Lutz e_t aJL. measured the EMF obtained from an 

_2 
electrochemical cell of the form Ag;AgCl/NaCl(10 M in 

H2O) // Ionophore (0.03 M in decanol) // XCl(10 ^ M in 

H2^ // Decemol // NaCl(10 ^ M in ^Oj/AgClyAg in which 

X was an alkali metal cation. For their system the mag¬ 

nitude and sign of the EMF relative to that for X = Na+ 

(0 mV) may be taken as a measure of the selectivity. The 

selectivity sequences they obtained for monensin and 

nigericin are given in Table IV. 

. 84 Kraig and Nicholson have developed a liquid micro¬ 

electrode using a 10% solution of monensin (as the free 

acid) in nitrobenzene as the ion exchanger. They have 

measured its selectivity by examining its response to step 

changes in the Na+ concentration in the presence of various 

constant concentrations of interfering cations. Their 

results are also shown in Table IV. They observed that 

the electrode was not sensitive to protons from pH 5 to 

pH 9. 

The model membrane systems described above are all 

bulk-phase, thick membranes. There have been several 

reports that nigericin group ionophores can increase the 

36 38 85 86 conductivity of bilayer lipid membranes. ' ' ' How¬ 

ever, since each of these papers proposed a different 

mechanism, it would seem that no satisfactory explanation 

of the conductivity changes exists at the present time. 

The observed selectivity patterns are similar to the 
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equilibrium selectivity sequences,3^'®® but the conductiv¬ 

ity appears to vary as the square of the ionophore con- 

36 37 
centration for some cations ' and as a higher power for 

.. 36 others. 

Ionophores of the nigericin group have been used in 

many experiments on biological systems, e.g., mitochondria, 

chloroplasts, erythrocytes and their "ghosts," liposomes, 

bacterial chromatophores, etc. We refer the reader to 

Chapter 6 of reference 5 for a lengthy discussion of these 

and other biological studies. 

For the purpose of latter discussion we have included 

in Table IV selectivity data for dianemycin, monensin, 

38 and nigericin obtained by Henderson et al^. with mito¬ 

chondria, erythrocytes, and artificial phospholipid mem- 

87 
branes (liposomes), and by Pressman and Heeb using 

erythrocyte ghosts. 

Examination of the selectivity sequences in Table IV 

reveals that for each of the ionophores the sequences 

obtained in one- and two-phase equilibrium systems are 

very similar, regardless of the solvent or the measurement 

technique. Inspection of the limited quantitative results 

for these systems (see Table III), on the other hand, 

shows that there is substantial disagreement between values 

of equilibrium constant measured by different groups. 

In particular note the ratio of the values of K or K1 for 

the Na+ complex of monensin in methanol as determined by 
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Simon's group (Table IIIa,b,c) and by Cornelius e_t al. 

(Table Hid) . These differences are probably due to dif¬ 

ferences in the composition of the solvent phase, especially 

differences in pH and ionic strength, and not to errors in 

the techniques. 

Comparison of the equilibrium selectivity patterns 

with those obtained from non-biological, time-varying sys¬ 

tems suggests that while the patterns are similar, there 

are certain discrepancies which appear several times in 

Table IV. For example, in the equilibrium studies on 

+ + + 
monensin, Li has a lower rank order than Na , K , and 

+ 19 
Rb . But in the EMF measurements of Lutz eit al. and 

in our experiments, Li+ falls between K+ and Kb+. 

32 + + 
(Ashton and Steinrauf used Li and Rb , but the sensi¬ 

tivity of their method was too small to measure the transport 

of either cation by monensin.) Similarly, for dianemycin 

the order for Li+ and Cs+ in the two-phase extraction ex¬ 

periment was Cs+ > Li+, while our "U"-tube result was 

Li+ > Cs+. 

This phenomenon was probably first noticed by Pressman 

87 
and Heeb. Comparing the results of two-phase extraction 

experiments and experiments with ionophore-induced transport 

in red blood cell ghosts, they made the following statement: 

"The transport patterns for those ionophores favoring smaller 

cations, nigericin, monensin, and dianemycin, are strongly 

skewed to the left, i.e., they favor transport of smaller 
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cations out of proportion to their ability to form com¬ 

plexes." They do not offer a plausible explanation for 

the difference (if it is real), but merely suggest that it 

may occur in one of the steps in the generally accepted 

model for exchange transport by the nigericin-group 

ionophores. 

87 The results of Pressman and Heeb and of Henderson 

38 et al. have been included in Table IV because they tend 

to support the conclusions derived from the non-biological, 

time-varying experiments, which probably are more reliable. 

When comparing the relative merits of the various 

methods and systems for obtaining selectivity data, we 

believe it is important to keep in mind what one wishes to 

learn from the study of ionophores. It is our opinion that 

there are two fundamental reasons for such studies. The 

first is to understand selective binding and transport of 

ions and molecules on the basis of the structure of and 

the forces between the ionophore and the entity it complexes. 

This problem is a simple version of the corresponding prob¬ 

lem for enzymes and other biological macromolecules. The 

second reason is to characterize in detail the properties 

of natural and synthetic ionophores so that they may be 

used to study various biological systems. 

We have seen that there are a number of methods for 

obtaining selectivity data for the nigericin-group ionophores 

in one-t and two-phase systems. However, most of the data is 



124 
still only qualitative and few careful, systematic quanti¬ 

tative studies have been undertaken. The problem lies not 

so much with the techniques, though they all have their 

limitations, rather, it is in how carefully they are applied 

Since the nigericin-group ionophores are weak acids, that 

fact must always be kept in mind when studying them. 

All of the measurements in non-biological systems 

which we have discussed provide useful information for the 

use of ionophores as "tools" in biological studies, but few 

of them provide data for the first fundamental problem 

mentioned above. The most promising techniques seem to be 

microcalorimetry and various forms of spectroscopy, in par¬ 

ticular, the nuclear magnetic resonance spectroscopy of 

various nuclei ( H, Li, C, Na, Tl, and others). 

In regard to the "kinetics" experiments in model 

membrane systems, we feel that at the present time they can 

provide only qualitative or, at best, semi-quantitative 

information. There are two reasons for this conclusion. 

First, to obtain quantitative data from such systems 

it is necessary to have an adequate theory plus experi¬ 

mental justification for all of the assumptions made. As 

88 
Simon et ad. have pointed out for their EMF system, there 

is no completely adequate theory for the effects of the 

nigericin-group ionophores on membranes (reasonably success¬ 

ful theories have been developed for the neutral ionophores) 

One arrives at different expressions for the selectivity 

ratios by making different assumptions, while experimentally 

the results seem to lie somewhere in between. 
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Secondly, kinetic theories of membrane transport give 

rise to an abundance of rate constants and other parameters. 

Therefore, a large amount of data is required to justify 

the assumptions made and to estimate the parameters. An 

intelligent approach to the problem would be to incorporate 

quantitative data from equilibrium measurements on one- and 

two-phase systems or, kinetic data from one-phase experiments, 

into the analysis for the membrane problem, yet that is 

rarely done. 

This second objection is probably the more important 

one for our system and results as they are now. Because of 

the limited quantities of the ionophore samples, the 

thickness of our solvent membranes, and the limitations on 

the sensitivity of the atomic absorption and flame emission 

analyses, experiments with a model system such as ours 

require several days (five is probably typical) to complete. 

Although many parallel experiments may be run simultaneously, 

the number of data points produced per tube is small. 

Therefore, unless the concentration versus time data are 

linear, little quantitative analysis can be done with any 

reasonable certainty. 

In conclusion, we would like to suggest several ex¬ 

periments to extend and clarify the results we have obtained 

so far. 

First, it should be possible for us to obtain equilib¬ 

rium two-phase data using flame spectroscopy by separating 
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the phases and analyzing the cation concentrations in each. 

This cannot be done directly with chlorinated solvents, 

since they produce corrosive and highly toxic compounds 

upon combustion. However, the samples could be evaporated 

and then redissolved in aqueous solution. 

By obtaining such data and extending our transport 

experiments in the same solvent to other ionophores, we 

should be able to determine whether or not the difference 

between the equilibrium and time-dependent results is real. 

Furthermore, this could be done in a quantitative fashion 

(at least for ortho-dichlorobenzene where the simple theory 

we have developed seems to work). 

In these new experiments, we would pay considerably 

more attention to the pH of the aqueous phases. By using 

a buffer containing no chloride ions, we may be able to 

• • • + *j“ 
obtain information on the transport of Tl and Ag ions. 

That information is useful not only because there is 

selectivity and X-ray crystallographic data on those ions, 

but also because they do not have the inert gas electron 

configuration of the alkali metal ions. 

Finally, there is the unresolved problem of the 

solvent effect we have observed. Little is known about 

exactly where the cation-ionophore complex formation and 

dissociation reactions occur. For simplicity, we assumed 

in our simple theoretical model that they took place at 

the interface. If the reactions really occur in the aqueous 
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phases, the difference could be due to differences in the 

rate of penetration of the water-solvent interface by the 

complex. If they occur inside the solvent phase, the 

difference might be due to the influence of the dielectric 

constant upon the reaction rates. Clearly, more data are 

needed. 
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