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A B S T R A C T 

The deposition and characterisation of Langmuir-Blodgett (LB) films contain

ing the ionophore vaUnomycin are described. In particular, the thesis concentrates 

on two specific mixed LB systems incorporating the ionophore, namely, arachidic 

acid/valinomycin and L-a-phosphatidic acid dipalmitoyl (DPPA)/valinomycin. 

The extremely sensitive spectroscopic technique of attenuated total reflection 

(ATR) Fourier transform infrared (FTRIR) spectroscopy is used to investigate 

the interaction of these ultra-thin LB structures with aqueous solutions contain

ing potassium ions. 

It is shown that LB layers of pure vaJinomycin do not complex with potas

sium ions and that, in order for complexation to occur, the ionophore must be 

mixed with a secondary component. The formation of the valinomycin-potassium 

(VM/K''") complex in the arachidic acid/vaHnomycin system is demonstrated and 

the effects of the mole-fraction of arachidic acid, and of the potassium ion con

centration upon complexation are described. The IR studies also reveal profound 

structural changes in the fatty acid matrix upon complexation, and the impor

tant result that dissociation of the VM/K''" complex does not occur in this mixed 

system. 

However, it is shown that if the fatty acid molecule is replaced by the phos

pholipid molecule, DPPA, then both formation and dissociation of the complex 

occur. The results, however, indicate that this system is unstable with loss of the 

LB film into the aqueous solution during immersion. A number of attempts to 

eliminate this problem are described. 

The fabrication and characterisation of ion-selective-field-effect transistors (IS-

FETs) are also reported. One of the aims of the research is to develop a potassium-

ion sensor, and with this in mind, the deposition of LB films onto the gate surface 

of the ISFET is demonstrated. The K'̂ -response of the LB film coated devices is 

described and the results interpreted in terms of the IR evidence. 
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C H A P T E R 1 

INTRODUCTION 

Over the past fifteen years, there has been a growing awareness of the po

tential for integrated circuit technology to provide a new generation of microsize 

sensors for the measurement of a variety of physical parameters. The possibility 

of integrating one or more sensors with the appropriate signal-processing circuitry 

on the same silicon chip will provide microtransducers having unique advantages 

over their conventional counterparts, particularly, with regard to size. In the field 

of electrochemical analysis, the integration of semiconductor devices with elec-

trochemically active films makes possible chemical micro-transducers capable of 

challenging presently-used electrode systems, such as the ion-selective electrode. 

The most popular semiconductor device utilised for such applications has been 

the metal-insulator-semiconductor (MIS) transistor which has been modified by 

substituting an electrochemically active material for the gate metal, thus forming 

an ion-sensitive (chemical sensitive) field-effect transistor ISFET (ChemFET). 

The first report of an active, ion-sensing microelectronic device was the de

scription by Bergveld in 1970 [1,2] of an FET structure in which the Si02 

gate dielectric was found to be responsive to both pH and sodium ions. Since 

then a variety of ISFETs have been fabricated with inorganic gate films includ

ing; sodium aluminosUicate glasses (for Na"*" devices) [3], silver halide films (for 

Ag+, Br~ and Cl~ devices) [4] and lanthanum fluoride (for F~ ions) [5]. Poor 

selectivity is generally obtained for such devices, with interference from ions other 

than the sensed ion. However, very high specificity can be achieved using ion-

exchanging materials supported in inert polymeric membranes. Such a device was 

first reported by Moss et al [6] in 1975, who incorporated the ionophore into a 

plasticised polymer matrix (PVC) forming a highly specific K"*" -responsive sensor. 

Valinomycin is a membrane-active cyclodepsipeptide that can selectively com-
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plex with and transport potassium ions across both biological and synthetic mem

branes [7,8]. The Langmuir-Blodgett (LB) technique is a method for producing 

uniform, high quality organic thin films, and can be used to create novel struc

tures with precisely defined symmetry. In the LB technique the substrate is passed 

through a water surface on which a monolayer of an organic material is floating. 

In general, a monomolecular layer of the organic is deposited onto the substrate 

with each traversal through the air-water interface. The LB film can therefore be 

built up by repeatedly depositing a series of monolayers. The physics of LB films 

9] and their potential applications [10,11] are the subject of extensive literature 

reviews. 

Artificial membrane structures can be conveniently fabricated on . a suitable 

substrate using the LB technique. The classical fatty acids are examples of LB film 

forming materials and they can be used to represent the phospholipid molecules 

of the biological membrane. The incorporation of valinomycin into such an LB 

system then acts as a model for the natural environment of the ionophore. The 

LB technique provides an elegant method for engineering this molecular environ

ment. Although this work concentrates on the potassium sensing appUcation of 

valinomycin containing LB films it is possible to envisage more exotic LB films in

corporating antibody/antigen materials and highly specific and reversible receptor 

proteins. 

This thesis reports on the use of valinomycin-containing LB films as potassium 

ion sensors. The principal aims of the present work are summarised as follows: 

(1) To demonstrate the feasibility of the deposition of LB films onto the gate 

surface of mounted ISFET structures. 

(2) To investigate the interaction of valinomycin containing LB films with 

aqueous potassium solutions. 

(3) To study the potential of these films for potassium ion sensing applications. 

Chapter 2 introduces the ionophoric material valinomycin and covers the 

structure of valinomycin and the conformational changes occurring upon com-
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plexation with a potassium ion. The environment of the biological membrane is 

also presented along with the concept of carrier (valinomycin)- mediated potas

sium ion transport across such membranes. Chapter 3 deals with the theoretical 

background of the ISFET as an extension of first-order MOSFET theory. The 

operation of the ISFET, based on the site dissociation theory is also discussed. 

In chapter 4 the various experimental techniques used during the course of this 

work are described. The theoretical background of each technique is presented 

and detailed descriptions are given of the equipment used and the procedures 

adopted. 

Chapter 5 contains the results of experiments on LB film-coated ISFETs. 

Chapter 6 deals with the deposition and structural characterisation of vahno-

mycin containing LB fUms using the techniques of infrared spectroscopy, electron 

diffraction, X-ray diffraction and eUipsometry. Chapter 7 contains a detailed ex

amination of the interaction of the films described in chapter 6 with potassium 

containing solutions. Two systems are investigated: valinomycin/arachidic acid 

and valinomycin/phospholipid mixed LB layers. The structural changes upon 

complexation in these model membranes are discussed. Finally, chapter 8, sum

marises all the results, and suggests the direction in which future research should 

be aimed. 



C H A P T E R 2 

VALINOMYCIN 

2.0 I N T R O D U C T I O N 

The Langmuir-Blodgett films described in this thesis are based on the mem

brane active antibiotic called valinomycin. This chapter introduces this material 

which, because of its ability to complex with alkali metal ions, has become an 

important model compound for studying ion selective transport in membranes. 

Section 2.1 concerns the structure of valinomycin, the conformational changes in 

structure upon complexation and how these changes may be observed. Section 

2.2 introduces the biological membrane, the natural environment for valinomycin 

and section 2.3 describes the function of valinomycin in this environment and the 

concept of carrier-mediated ion transport. 

2.1 T H E S T R U C T U R E OF VALINOMYCIN 

The antibiotic valinomycin, first isolated in 1955 by Brockmann et al [l] from 

the bacteria Streptomyces Fulvissimus, is known to complex with the alkali cations 

selectively in the order Rb+ > K+ > Cs+ > Na+ > Li+ [2], and to faciUtate the 

transport of alkali cations across mitochondrial membranes with the same se

lectively [3]. The conductance of lipid bilayers containing vahnomycin is about 

400 times greater for K"*" than for Na"*". Similar results have been obtained in 

model membrane systems. Early work on valinomycin and artificially synthesised 

analogues concluded that their antimicrobial activity, and effect on membrane 

permeability, were due to their unique molecular structure. 

2.1.1 Uncomplexed conformation 

Valinomycin is a 12-membered macrocyclic depsipeptide (cyclic dodecadep-

sipepitde) consisting of three units joined sequentially to form a ring. Each unit 

4 
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Figure 2.2 A photograph of a CPK model of valinomycin in its uncomplexed conformation 
(after ref. 6). 
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consists of L-valine, L-lactic acid, D-valine and D-hydroxyisovaleric acid alter

nately joined by amide C = 0 and ester C = 0 linkages. The primary structure is 

shown in figure 2.1 and a photograph of this structure made from a CPK packing 

model is shown in figure 2.2. The ring shape is evident and the hole in the cen

tre can be envisaged as accommodating the alkali metal ion. The ring diameter 

is important for the selectivity of the molecule. Work on vaHnomycin analogues 

4], having larger rings (4 units), or smaller rings (2 units), has shown that they 

possess l i t t le antimicrobial activity or complexing ability. In the first case, the 

molecule becomes loose and unstable as a ring. In the second case, the ring is 

too small to accommodate the hydration shell of hydrated ions and too large to 

coordinate around the naked ion. The molecule has 12 polar C = 0 groups; of 

which there are six ester C = 0 groups and six amide C = 0 groups, and there are 

also six N H groups. 

Smith et al [5] have examined the structure of crystalUne uncomplexed vali

nomycin using X-rays and determined that the area of the molecule lies in the 

range 1.68 nm^ to 1.88 nm^. In addition. X-ray evidence [6] has revealed the 

complete structure of one fo rm of vahnomycin suggesting that, of the six ester 

C = 0 groups, two were hydrogen-bonded and the other four were free and highly 

mobile, and thus available to take part in complexation. Also all six N H groups 

are intra-molecularly hydrogen-bonded, four to amide C = 0 groups and two to 

the two ester 0 = 0 carbonyls. The structure is shown in figure 2.3. 

A n extensive Raman spectroscopic study of uncomplexed valinomycin in the 

solid state crystallised f rom a variety of polar and non-polar solvents has been 

carried out by Asher et al [7]. Their findings indicated that all their crystallised 

samples adopted the'^same structure as that proposed by Smith (i.e. crystallised 

f r o m warm n-octane), except for one, crystalhsed f rom o-dichlorobenzene. This 

lacked any strongly hydrogen bonded ester C = 0 groups, a conformation of valino

mycin only previously observed in solution. Complementary Raman spectroscopic 

studies of vaJinomycin in polar and non-polar solvents [8] has revealed a number 
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Figure 2.4 Hydrogen bonding schemes in (a) non-polar solvents, and (b) polar solvents. 



Conformation of valinomycin in nonpolar solvents. 
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Figure 2.5 Structure of uncomplexed valinomycin in non-polar solvents showing the 

bracelet configuration of the hydrogen bonds. 



Conformation of the K* complex of Valinomycin. 

Carbon H-bond 

O Oxygen © Ester 

(N) Nitrogen ® Amide Carbonyl 

Potassium 

Figure 2.6 K^-complex conformation of valinomycin. 



of different conformations. The evidence supports the co-existence of two forms of 

valinomycin i n solution, the predominance of one over the other depending on the 

polari ty of the solvent. For example; i n carbon tetrachloride (CCI4), a non-polar 

medium, all the amide groupings simultaneously participate in the formation of 

six intra-molecular hydrogen bonds (figure 2.4a). This leads to the conformation 

illustrated in figure 2.5, known as the "bracelet" configuration. Each hydrogen 

bond leads to the formation of a stabilising ten membered (ten atom) ring. Six 

rings are formed which equatorially circle the perimeter of the molecule giving 

considerable rigidity to the conformation. In low polarity solvents, the confor

mation described above is in equilibrium wi th one in which there are only three 

hydrogen-bonded amide groupings. The remaining N H groups probably prefer to 

associate w i t h the solvent molecules. This hydrogen bonding scheme is also shown 

in figure 2.4b. 

2.1.2 Complexed conformation 

Newpert-Laves et al [9] have determined the dimensions of the unit cell for 

complexed valinomycin and have calculated f rom these data an area for the 

molecule of 1.45 nm^. Thus the change in conformation as a result of complexation 

produces a change in molecular area f rom 1.88 nm^ to 1.45 nm^. The question 

of whether this change may be observed on a macroscopic scale using a surface 

pressure versus area isotherm w i l l be addressed in a later chapter. 

Analogous infra-red and Haman spectroscopic studies have been performed 

on the valinomycin-K"^ complex in polar and non-polar solutions [10]. In all 

cases, the results are consistent w i t h a conformational reforming of the molecule 

on complexation. The hydrogen-bonded, stabilised framework (of the "bracelet" 

configuration in non-polar solutions) is retained. The ester carbonyls are oriented 

wi th in the ring and are coordinated w i t h the cation via ion-dipole interactions. 

The complexed conformation of valinomycin is represented schematically in figure 

2.6 and a photograph of a CPK model is shown in figure 2.7. The potassium ion, 
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Figure 2.7 A photograph of a CPK model of the K+-complex. 



for example, sits at the centre of an octahedral, electrostatic field formed by the 

six oxygen atoms. The non-polar isopropyl and methyl residues can shield the 

K"^ ion f r o m solvent interaction. The peripheral hydrocarbon side chains are also 

compatible w i t h the hydrophobic interior of biological membranes and thus this 

conformaton might also facilitate diffusion through such membranes. 

The effect of the polarity of the solvent is most evident on the ester C = 0 

groupings, whilst the amide groupings appear to be solvent independent. These 

results suggest that the complexed cation might not be completely shielded f rom 

the solvent molecules. The ion-release mechanism of ion-carrying molecules such 

as valinomycin is not fu l ly understood, but solvent interactions wi th the cation 

have been proposed to play a part. 

2.1.3 Observation of the valinomycin-cation complex 

I n this subsection the electrochemical experiments used to observe the com-

plexing reaction and the structural techniques employed to elucidate the vafino-

mycin conformations described in the two previous subsections are outlined. Vali

nomycin int ial ly attracted much scientific interest because of its ability to specifi

cally increase the alkali metal ion flow through artificial and biological membranes. 

These pioneering experiments were performed on experimental l ip id membranes 

separating solutions of monovalent salts of two different concentrations [4 . 

Across a cell membrane there exists an electrical potential difference which 

depends on the ionic concentration gradients across the membrane, and its relative 

permeability to the ions present. Each individual permeant is subject to two 

gradients tending to drive i t in or out of the cell, a concentration gradient and an 

electrical gradient. For potassium, which is much more concentrated in the cell 

cytoplasm than i n the extracelluar fluid, the two gradients are nearly in balance. 

The tendency of potassium ions to move out of the cell along their concentration 

gradient is opposed exactly by the potential gradient tending to prevent such 

movement. The membrane potential at which there is no net potassium flux 

7 
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(a) 

Figure 2.8 (a) membrane potential developed across a l ip id membrane separating KCl 

and NaCl. 10~^ g cm""' vaUnomycin added on outside of membrane. K o / K i 

is the ratio of the K C l concentration on the outside to the inside. 

Time (min) 

Figure 2.8 (b) time-conductance curve for a hpid bilayer wi th 10~^ g cm""' valinomycin 

added at t = 0 to both sides of the bilayer. 0.1 M K C l was intially present on 

both sides of the bilayer. 



is called the potassium resting potential. The resting potential is related to the 

concentration ratio by the Nernst equation, = 58 logio(Ko/Ki) (in mV) . When 

the cyclodepsipeptide is introduced to one or both sides of the membrane, resting 

membrane potentials, which are negative on the side of the higher concentration 

by values of 54-58 m V per decade, are induced (figure 2.8a). This is a result of 

the increase in membrane conductance (figure 2.8b), which is a measure of the 

valinomycin-induced membrane permeabiHty to potassium ions. Typically the 

membrane conductance increases f rom 10~^ mho cm~^ to 10~^ mho cm~^. 

From simple experiments similar to this, the selectivity coefficients of valino

mycin for different ions can be calculated. Also by combining steady state conduc

tance measurements w i t h electrical relaxation measurements the rate constants 

of valinomycin mediated transport across the l ip id membrane can be evaluated. 

I n relaxation experiments, a voltage pulse is applied to the membrane. Af te r the 

in t ia l charging of the membrane capacitance, the current decays exponentially 

w i t h a characteristic time constant. This time constant is related to how quickly 

the valinomycin molecules are able to redistribute the stored charge so that the 

potassium resting potential is re-established. 

Complexation can be conveniently studied by conductimetric methods. For 

example, when cyclodepsipeptides are added to ethanol solutions of alkali metal 

chlorides, there is a decrease i n electroconductivity as a result of the low mobihty 

of the complexed cation. Thus, the complexing reaction can be studied under 

different conditions such as solvent, temperature, concentration etc. 

As well as the thermodynamic parameters of the complexing reaction, the 

molecular structure of valinomycin and its complexes are also of considerable in

terest. Nuclear magnetic resonance ( N M R ) [11], optical rotary dispersion (ORD) 

2], and infrared absorption ( IR) studies [2] have all been used to elucidate con

formational structure. 

ORD is a technique which looks at the optical rotation of plane polarised light 

after transmission through a medium as a function of wavelength. Plane polarised 
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Figure 2.11 A port ion of the N M R spectra of valinomycin in CDCI3 showing the changes 

occurring in the N H proton signals as a function of time during complexation. 
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Figure 2.12 The affect of solvent polarity on the N H proton signals (after ref. 2). 



light can be considered to be made up of a left and a right circularly polarised 

component. I n general, these components w i l l be transmitted wi th unequal veloci

ties through the medium, and upon recombination, there w i l l be a phase difference 

w i t h the plane of polarisation of the emergent light rotated. In fact unequal ab

sorption of the two components also occurs and this phenomenon is referred to as 

"circular dichroism". The effect of the polarity of the solvent on the conformation 

of valinomycin can clearly be seen f rom the set of ORD curves in figure 2.9, after 

Shemyakin et al [2]. The changes in the curves are due to conformational changes 

in the valinomycin. The ORD curve for the K"^ complex is also shown indicating 

the existence of a different conformer. A greater understanding of the polarity 

effect can be obtained f r o m N M R and I R studies. 

The resonant frequency of magnetic nuclei in a molecule is dependent on the 

different environments present in that molecule. I n proton NMR, a short powerful 

radio pulse which behaves Uke a spread of frequencies, simultaneously excites a se

ries of protons. The relaxation signals of all the excited protons are superimposed 

to fo rm a combined signal which is known as the free induction decay (FID) . By 

performing a Fourier transform on this signal an N M R spectra can be obtained, 

showing each nucleus i n its unique electronic environment. The N M R spectra, 

for valinomycin and its complex in CDCI3 (deuterated chloroform), are shown in 

figure 2.10. The assignments are labelled according to the inset which shows one 

unit of the valinomycin molecule. The most interesting changes in the spectra 

are those associated w i t h the N H protons, and these changes are highhghted in 

figure 2.11. The top spectrum is that for the uncomplexed valinomycin and shows 

two doublets corresponding to two types of N H protons, one due to the L-valine 

residues (low-field signal) and the other due to the D-valine residues (high- field 

signal. The low field signal has been assigned to the L-valine N H protons by en

riching the L-valine w i t h radioactive ^^N [2]. Upon complexation there is a 0.5 

ppm down-field shift of both doublets. In the two central spectra, the observation 

of two sets of doublets (at 6 7.80 and 8.3 ppm) suggests that both forms of vali-
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nomycin (complexed and uncomplexed) are present in the N M R tube. The final 

spectrum indicates that complexation is almost complete wi th the disappearance 

of the doublets at 8 7.80ppm. Figure 2.12 shows the effect of the polarity of 

the solvent on the uncomplexed N M R valinomycin spectrum. In the case of 

C C I 4 , the doublets are quite close to each other, but for ( 0 0 3 ) 2 8 0 (a more po

lar solvent), the low-field signal is shifted downfield whereas the high-field signal 

remains constant. From this and wi th corroborative infrared evidence, i t can be 

concluded that in the more polar solvent the N H protons are participating in hy

drogen bonds w i t h the solvent molecules, rather than in intra-molecular hydrogen 

bonds. I n non-polar solvents (such as CCI4), they are forming intra-molecular 

hydrogen bonds. The N M R spectrum of the complex in a variety of solvents is 

the same, and this evidence supports the characteristic "bracelet" structure of 

hydrogen bonds in the K+-vaUnomycin complex. 

The theory of I R spectroscopy and the collection of spectra are dealt wi th 

in chapter 4, and the I R spectra of valinomycin and its complex are discussed 

in detail in chapter 7. A brief discussion of results f rom the I R data of other 

workers [2,7] is included here for completeness. The IR spectra for valinomycin 

and its K"*" complex in OOI3 (chloroform), are presented in figure 2.13. I n the 

N H stretching region, a strong band due to intra-molecular hydrogen-bonded N H 

groups is evident at 3313 c m ~ \ and in addition, a weaker band at 3388 cm~^ is 

also present. This corresponds to a free N H stretching mode. In the CO stretching 

region a band characteristic of non-hydrogen-bonded ester carbonyl is present at 

1755 cm~^. Bo th these pieces of data indicate that i n low polarity solvents, such 

as chloroform, the two conformations illustrated in figure 2.4a and b are found. 

The changes in the I R spectrum upon complexation are marked. The free N H 

band disappears, indicating that all L-vaUne protons are hydrogen-bonded. Also 

the ester carbonyl band is shifted (to 1739 cm~^) and narrowed suggesting that 

all the ester carbonyls are now involved wi th ion-dipole interactions wi th the K"*" 

ion. 
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2.2 T H E B I O L O G I C A L M E M B R A N E 

The principal funct ion of the biological membrane is to maintain a constant 

internal environment for the cell, irrespective of changes that may occur outside. 

The membrane must also provide selective communication wi th the exterior such 

as the controlled passage of nutrients into the cell, and the removal of waste 

products f rom i t . Plasma membranes, therefore, have associated wi th them a 

range of transfer systems which enable molecules to pass through in a specific 

manner. There are processes that do not require energy (passive transfer) and 

those that do (active transfer). Valinomycin-mediated cation transport, described 

in section 2.3, is an example of one of these transfer systems. The membrane 

potential results i n an electrochemical gradient which is utiHsed by the cell as an 

energy source for processes such as solute transport and ATP synthesis. A t the 

supermolecular level, membranes are the structural elements of cells and therefore, 

in multicelluar organisms, of the tissues. Membranes help to maintain the shape 

and fo rm of the cell. A t the molecular level, the membrane also provides an 

ordered array of sites for enzymes to locate, helping the chain-reaction-hke series of 

coordinated reactions, taking place i n biological systems, to proceed more readily. 

2.2.1 Membrane components 

The exact composition of membranes varies w i th their source but generally 

approximately 40% of their dry weight is l ip id and 60% is protein, held together by 

non-covalent interactions. Membranes contain some 20% of their total weight as 

water, which is t ight ly bound and essential for the maintenance of their structure. 

Lipids are water-insoluble organic substances which are amphipathic, mean

ing that they incorporate both a hydrophobic ta i l and a hydrophihc head group 

wi th in the molecule. These two regions can be bridged by a glycerol moiety, as 

illustrated i n figure 2.14. The chain length may vary and unsaturated acids also 

occur. The l ip id component of membranes is predominantly of a type known as 

phospholipid. The term phospholipid is applied to any l ipid containing phospho-
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ric acid as a mono- or di-ester. For the glycerophospholipids in figure 2.15 the 

hydrophiUc head group is attached via a phosphate di-ester linkage. Phospha-

tidic acid plays a key role i n the biosynthesis of most glycerophospholipids and is 

present (1-5%) in many tissues. Phosphatidylcholine is usually the major phos

pholipid in mammalian, plant and fungal membranes, but is rare in bacteria in 

which phosphatidylethanolamine is a major component. The phosphoHpids are 

the most polar of the Hpids. They all carry a phosphate acidic grouping which 

has a negative charge at pH 7.0. Choline and ethanolamine have additional amino 

groups which are positively charged at neutral pH, giving rise to dipolar zwitteri-

ons w i t h no net charge. 

The other major component of membranes are proteins. The important mem

brane functions such as enzymic, receptor and transport activities are largely 

mediated by proteins. The protein content of a particular membrane therefore 

reflects the level of activity of that membrane. Membrane proteins are classified 

into two categories, peripheral and integral. Peripheral proteins also referred to 

as extrinsic proteins are relatively easily dissociated by mild treatment such as 

modification of pH or ionic strength. Integral (or intrinsic) proteins are isolated 

by treatments involving extensive disruption of the membrane by detergents. 

2.2.2 Structural organisation of the membrane 

Most models proposed for membrane structures incorporate a hpid bilayer 

arrangement, shown schematically in figure 2.16. The long aliphatic chains are 

sequestered wi th in the interior of the membrane and the hydrophiUc head groups 

are i n contact w i t h the aqueous environments. 

The l ip id bilayer is thermodynamically stable and is the major structural unit 

of phosphoHpid-water systems. Phosphatidylcholine w i t h low water content exists 

in a lamellar phase consisting of stacked bilayers separated by aqueous layers, 

figure 2.17a. As the water content is increased, the wid th of the aqueous layers 

increases un t i l above 40% water, a system of multilamellar vesicles dispersed in 
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water results, figure 2.17b. Ultrasonication of this system promotes the formation 

of single-bilayer-bounded vesicles, figure 2.17c. I n figure 2.17 the basic structural 

unit of the l ip id bilayer is evident in every system. 

Gorter and Grendel in 1925 were first to propose the l ip id bilayer model of fig

ure 2.16. The idea was later elaborated upon by DanielU, Davson and Robertson 

12] in 1935 who postulated that the l ip id core of natural membranes was sand

wiched between two layers of protein, figure 2.18. The Davson-Danielli-Robertson 

model was supported largely by electron microscopic and X-ray diffraction ev

idence which showed a tri laminar structure for the membrane. The electron 

density distr ibution across the membrane consisted of two fairly broad maxima 

separated by a trough. Davson interpreted the electron dense outer humps as 

arising f r o m the protein layers, which are relatively rich in oxygen and nitro

gen atoms, and the central trough represented the carbon and hydrogen atoms 

of the hydrocarbon chains. However, i t is now believed that this structure is 

representative of the hydrophUic-hydrophobic-hydrophihc sequence across a Upid 

bilayer rather than the protein-Upid-protein structure proposed in the Davson-

Danielli-Robertson model. The evidence comes f rom the fact that micrographs 

f r o m artif icial bilayers are remarkably similar to those of natural membranes. Also 

i n the Davson-DanieUi model, the polar and non-polar residues in the protein are 

effectively buried in non-polar and polar environments, respectively, resulting in a 

system of relatively high free energy. A system of lower free energy would result i f 

the hydrophobic groupings could gather in a non-polar environment, leaving the 

polar residues in contact w i th the aqueous environments. 

The mosaic model describes such a situation and was proposed by Singer 

and Wallach [13,14] as a result of experimental data suggesting that sometimes 

proteins penetrate the bilayer. The model is illustrated in figure 2.19. The protein 

is shown embedded in , and occasionally crossing a l ip id bilayer core. In such a 

structure the polar groups of l ip id and protein are in direct contact w i th the 

aqueous surroundings while the non-polar residues of both molecules are buried 
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i n the hydrophobic interior. As well as being thermodynamically more favourable 

than previously proposed models, the mosaic model is also attractive because 

of its transmembrane proteins which offer a potential route through the bilayer, 

and serve to explain certain membrane transport mechanisms. The mosaic model 

requires that some protein molecules be embedded in the hpid bilayer. Convincing 

evidence for this is provided f rom freeze-fracture electron microscopy in which a 

membrane specimen is rapidly frozen and separated along its hydrophobic, interior 

surface. The topography of this surface, as revealed by electron microscopy, is 

that of a smooth matr ix interrupted by a large number of fairly uniform particles. 

These particles are at tr ibuted to integral proteins which cross the mid-plane of the 

membrane. The smooth matr ix are regions of the hydrophobic aliphatic chains 

unpenetrated by proteins. 

I n 1972 the mosaic model was further refined by Singer and Nicolson [15] to 

stress the dynamic aspects of membrane structure. In figure 2.20, the potential 

mobil i ty of the integral proteins is stressed. The mobihty of the proteins arises 

f r o m the fluidity of the l ip id matrix. At physiological temperatures the hydro

carbon chains are highly mobile, and proteins and individual hpids are free to 

move laterally. Lateral motion of the complete phospholipid molecule is much 

faster than that of the proteins, as might be expected f rom a consideration of 

size. Intra-molecular motion (as opposed to inter-molecular lateral motion) of the 

phospholipids is also possible and this can include; a pendulum-like motion of the 

aliphatic chains, segmental motion about each C-C bond within the chain, and 

also rotat ion of the entire molecule about its long axis. 

As the temperature of a pure phosphoUpid is raised, a characteristic transition 

temperature is reached at which there is a sharp rise i n heat absorption. The mo

bi l i ty of the aliphatic chains increases abruptly giving rise to a liquid-crystalline 

state. Below the transition temperature a gel state exists, wi th crystalHne hydro

carbon chain regions. Both N M R and ESR techniques reveal relatively greater 

mobi l i ty for the hydrocarbon chains furthest removed f rom the polar head groups 
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i.e. in the hydrophobic centre of the bilayer. 

2.3 V A L I N O M Y C I N - M E D I A T E D ION-TRANSPORT MECHANISM 

Membranes have associated w i t h them a range of transport systems which 

enable molecules to pass through in a specific manner. The movement of molecules 

across the membrane may be the result of a passive mechanism such as simple 

diffusion, or an active mechanism drawing upon the energy yielding metabolic 

processes of the cell. 

Diff'usion in the bulk phase of a solution relies on a net movement of solute 

f r o m higher concentration areas to lower concentration areas, the rate of diffusion 

being directly proportional to the concentration gradient and this is described by 

Pick's law, see figure 2.21a. I t can be seen that the flux increases wi th increasing 

solute concentration. The introduction of a membrane presents a barrier to the 

free movement of solute molecules, and the permeability of the membrane as well 

as the concentration gradient of the solute must be considered. However, the 

transport of most solutes across membranes involves processes other than simple 

diffusion, known collectively as mediated transport mechanisms. Simple diffusion 

is an example of a non-mediated process. 

I n mediated transport. Pick's law no longer holds and the system exhibits 

saturation kinetics i.e. increasing the concentration gradient increases the flux 

up to an asymptotic value, figure 2.21b. The implication is that the transport 

of molecules is facilitated by their interaction wi th a finite number of specific 

membrane components or active molecules. The evidence points to membrane 

proteins being the key elements i n mediated transport mechanisms [16]. 

Two mechanistic models [17,18] have been proposed to explain how such trans

port systems might function. The first of these is termed the pore hypothesis and 

the transport system is envisaged as a specific pore through the membrane, and 

is il lustrated in figure 2.22. The pores are lined wi th proteins and are perma

nent structures. Specificity to a metabolite M may depend on the pore diameter, 
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charge distr ibution and the presence of specific binding sites wi th in the pore. A 

second interpretation of this model describes the active molecules stacked together 

to fo rm a channel, completely spanning the membrane. Transport of, for exam

ple, an ionic species f rom one side of the membrane to the other is envisaged as 

occurring by a succession of intermediary complexes wi th molecules of the channel. 

The second scheme, and the most likely candidate for describing the mech

anism of valinomycin mediated cation transport, is called the mobile carrier hy

pothesis. The passage of the ion across the membrane involves three distinct 

steps: ( i) the formation of the ion carrier (for example K+-vahnomycin) complex 

in the membrane surface, ( i . i ) translocation of the complex through the membrane 

interior to the other surface and ( i . i . i ) release of the ion into the aqueous envi

ronment. This sequence of steps is illustrated in figure 2.23a. Shemyakin et al [2 

have inferred, f r o m studies w i t h phosphatidylcholine bilayers, that valinomycin 

molecules accumulate on the bilayer surface. Complexation therefore presumably 

takes place at the membrane/solution interface wi th the inner hydration shell of 

the ion being replaced by the ester carbonyl oxygens of the vahnomycin ring. The 

ion which is normally extremely insoluble in the membrane is thus provided wi th 

a polar environment similar to that which i t experiences in the aqueous environ

ment. Valinomycin, because of its hydrophobic covering of ahphatic side chains, 

is soluble i n the l ip id environment and is able to cross the membrane. 

Stark and Benz [19] have addressed the question of the rate determining step 

of the transport mechanism; i.e. is the overall rate of ion transport determined by 

the rate of association, dissociation or translocation of the complex? The model 

they used is illustrated in figure 2.23b. The association-dissociation reaction of 

the complex taking place at the membrane-solution interface is described by the 

following equation: 

K ( t ) + V M , „ , | V M K + . , 

where a and m denote the aqueous and membrane environments, respectively and 

K A a-nd K D are the rate constants for the association and dissociation of the 
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complex, respectively. I n figure 2.23b, K V M and K V M K are the rate constants for 

the translocation across the membrane of the neutral carrier V M and the charged 

complex Y M K " * " , respectively. The model assumes that V M K " ^ must surmount a 

symmetrical energy barrier wi th in the membrane i n order to translocate f rom one 

aqueous/membrane interface to the other. The potential energy of the V M K ' * ' 

complex is a minimum inside the membrane near the interface. 

From steady-state conductance measurements [19] on phosphatidyUnositol bi

layers and electrical relaxation studies of the membrane current to voltage pulses, 

Stark and Benz determined K V M I K V M K J K A and K D - Despite the fact that the 

charged V M K " ^ complex must surmount the potential energy barrier in the cen

tre of the membrane, they discovered that K V M and K V M K were approximately 

the same. This result was interpreted in terms of the mechanism of complex

ation proposed by Shemyakin et al [2]. Here valinomycin, in the uncomplexed 

conformation, is adsorbed at the membrane/solution interface wi th its polar car

bonyl residues in contact w i t h the aqueous environment, and the apolar moieties 

embedded in the membrane interior. I f the uncomplexed V M was able to translo

cate across the membrane in this conformation the exposed carbonyls would come 

into contact w i t h the hydrophobic interior of the membrane. This is an ener

getically unfavourable situation resulting in a relatively high activation energy 

for the desorption of V M f rom the membrane surface into the interior. How

ever, the desorption of the V M K + complex is relatively easier. This is because of 

the conformational change in the vahnomycin structure taking place upon com

plexation, namely that, the ester carbonyl groups turn inward towards centre 

of the molecule to coordinate w i t h the potassium ion. The polar nature of the 

molecule is thus "lost" and the isopropyl and methyl apolar groups ensure an en

ergetically favourable compatibili ty w i t h the membrane interior. The result that 

K V M ~ K V M K indicates that the activation energies for the desorption of uncom

plexed V M f r o m the surface, and for V M K " * " to surmount the potential energy 

barrier, are of comparable magnitude. 
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The rate of formation of the VMK"*" complex in the interface described by K A , 

and the dissociation rate constant K D , were both found to be much lower than the 

corresponding rates for valinomycin and in ethanolic solutions. The reason 

for this is unclear but it might be due to two effects. Firstly, it is known that the 

stability of the complex diminishes with increasing polarity of the solvent. There

fore the polar surroundings of valinomycin in the membrane environment (i.e. 

the aqueous solution and the hydrophilic head groups of the phosphatidylinositol 

lipid) might have a deleterious effect on complexation. Secondly, the valinomycin 

molecule may be adsorbed in a conformation which is less favourable for complex

ation than the conformation in ethanolic solutions. 

Finally, it is worth noting that in the past, proponents of the channel hypoth

esis have argued their case for the transport mechanism of vaHnomycin. However, 

the results of a nuclear magnetic resonance study of conformational changes in 

valinomycin during complexation, performed by Haynes et al [11], have indicated 

the unlikelihood of the transfer of cations by the channel mechanism. The channel 

mechanism would require several valinomycin molecules to stack or associate with 

each other across the membrane. A study of the fine structure of the NMR spectra 

as a function of the concentration of valinomycin, in a non-polar solvent, revealed 

no structural changes which might be interpreted as arising from the interactions 

between associating valinomycin molecules. Therefore, association in a non-polar 

medium such as the membrane interior seems unlikely. The second piece of evi

dence supporting the mobile carrier hypothesis concerns the exchange rate of the 

complex in a non-polar medium. In the channel mechanism, the potassium ion 

would undergo a series of exchanges with successive valinomycin molecules as i t 

passes through the interior of the membrane. Comparison of the exchange rates 

for the reaction: 

V M A K + + V M B ^ V M A + V M B K + 

in non-polar and polar solvents reveals the inability of the complex to undergo 

exchange in a low dielectric medium. This is consistent with the mobile carrier 

18 



hypothesis in which complexation takes place at the membrane/solution interface 

(a polar/high dielectric medium), translocation through the membrane interior (a 

non-polar/low dielectric medium) without dissociation taking place , and finally, 

release of the cation at the opposite interface. 

2.4 S U M M A R Y 

The macrocyclic depsipeptide valinomycin has been introduced. Its abiUty to 

complex with the alkali metal cations has been described in terms of its unique 

molecular conformation. Methods for studying the conformation of valinomycin 

have been outlined and, in particular, the technique of IR spectroscopy (because 

of its relevance to this thesis) has been discussed. The biological membrane which 

forms the natural environment for valinomycin has been described, especially its 

structure and components. Finally, the concept of carrier mediated ion transport 

across a membrane has been examined for the case of valinomycin and potassium 

ions. 
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C H A P T E R 3 

I S F E T T H E O R Y 

3.0 I N T R O D U C T I O N 

In this chapter all aspects of the theory of the ion sensitive field effect tran

sistor (ISFET) are addressed. The ISFET can be thought of as a special case of 

the normal metal oxide semiconductor field effect transistor (MOSFET) with the 

oxide replaced by an oxide-electrolyte system; thus first order MOSFET theory 

is summarised in section 3.1. Section 3.2 deals with the ISFET structure and the 

modification of the MOSFET theory to include the reference electrode, which acts 

as the gate electrode of the ISFET system. Section 3.3 briefly describes the opera

tion and function of the reference electrode. Section 3.4 deals with the ion selective 

electrode (ISE) and introduces the well-known Nernst equation. Site dissociation 

theory which describes the generation of a surface charge at an electrolyte/oxide 

interface is presented in section 3.5, and section 3.6 derives the relationship be

tween surface charge and surface potential using the Gouy-Chapman-Stern theory. 

The question of the measurement of the surface potential is addressed in section 

3.7. Finally to conclude the chapter, section 3.8 concerns ISFETs incorporating 

an organic film membrane for the gate material, and in particular, describes the 

generation of a surface dipole moment in a valinomycin-doped hydrocarbon layer 

in contact with an aqueous potassium environment. 

3.1 MOS T R A N S I S T O R F I R S T - O R D E R T H E O R Y 

A diagrammatic cross-section through an aluminium gate, n-channel MOS 

(NMOS) transistor is shown in figure 3.1a. The device consists of a lightly doped 

p-type substrate into which heavily doped n"*" regions, the source and the drain, 

are implanted. The area between the source and drain diffusions is referred to 

as the channel region which is overlaid with an intrinsic dielectric formed on the 
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substrate. The dielectric is a thermally grown, very pure silicon dioxide layer and 

capacitively couples the aluminium gate electrode to the silicon bulk. In operation, 

the channel conductivity is modulated by charges induced at the Si/Si02 interface 

by the applied potential (relative to the bulk substrate) across the gate insulator. 

For a sufficiently positive gate potential (greater than the threshold voltage) the 

electron density locally at the surface exceeds the hole density and the surface 

region is inverted. The inversion region bridges the source and drain diffusions 

and a channel current flows. The equation for the drain current as a function 

of the gate and drain potentials (VGJVJ)) can be derived [1] and for small values 

of Vj) i t is 

ID - li-Cox—^ \VG - yT)VD - (1) 

where /x is the electron mobility in the channel, CQX the oxide capacitance per 

unit area, ^ the channel width-to-length (aspect ratio), Vg and Vjj are the gate-

source and drain-source voltages, respectively, and VT is the threshold voltage. 

The dependence of the MOS transistor performance on the aspect ratio is the 

fundamental reason for the elegance of MOS circuit engineering. 

Equation (1) gives the drain current in the unsaturated region {VD < VG — VT), 

see figure 3.1b. Referring to figure 3.1b, i f the applied drain bias Vj) is increased 

further, then at some point the voltage across the gate insulator (at the drain 

end of the channel) drops to exactly i.e. Vn^Sat = VGI - for a constant 

VQI- Channel inversion thus ceases (figure 3.2a), and the channel is "pinched off" 

by the drain depletion region that now extends right up to the Si/Si02 interface. 

Further increase of VD causes the "pinch-off" point to retreat towards the source 

as illustrated in figure 3.2b. At this stage the device is said to be "saturated" 

with the drain current being essentially independent of VD, figure 3.1b. In the 

saturated region equation (1) has to be replaced by 

ID = \HCOX^{VG - VT? = \nCox^^Vlsat (2) 
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The threshold voltage VT in both equations (1) and (2) can be described as follows 

VT = V F B - - ^ + 2<PF (3) 

where is the charge per unit area in the depletion region, (pp is the Fermi 

potential classifying the concentration and the doping of the substrate, and VFB 

is the flat band voltage. Vjpb is the voltage shift in the energy bands of the 

semiconductor as a result of the unequal work functions of the semiconductor and 

the metal, ^si and ^M, respectively, and any charge due to interface traps, QJT, 

or fixed oxide charge, Qox- VFB is given by 

^ ^Si QlT + Qox f . . 
VFB + -p, (.4) 

<pma 

If the parameters in the equation for the MOSFET drain current can be influenced 

by an external quantity then the MOS device can be used as a direct sensor for 

that quantity. The MOSFET configuration as shown in figure 3.1a can be used 

directly, for example, in the hydrogen sensitive palladium-gate MOS device of 

Lundstrom et al [2]. The catalyticaUy active gate metal adsorbs hydrogen from 

the ambient causing a change in (f>ms which can then be monitored by observing 

the change in drain current. However, most MOSFET-based sensors incorporate 

simple modifications of the conventional MOSFET configuration, such as, removal 

of the gate metal entirely or the use of a gate at a certain distance. In the latter 

case, the distance between the oxide and the gate is bridged by a specific material. 

Changes in various parameters of this material, due to either chemical or physical 

quantities, results in sensors which are specific to these quantities. The ISFET 

falls into this latter category of FET-based sensors. An excellent paper describing 

FET-based sensors and their structures has been published recently by Bergveld 

3 • 
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3.2 I S F E T T H E O R Y AS MODIFIED F I R S T - O R D E R MOSFET 

T H E O R Y 

The structure of an oxide-nitride gate ISFET is shown in figure 3.3a. Five 

differences from the MOSFET structure are apparent; the removal of the gate 

metallisation, the inclusion of a dual-gate dielectric, an electrolyte, a reference 

electrode, and an encapsulant. I t can be seen that the ISFET is a special type of 

MOSFET with the gate at a certain distance. The oxide has been replaced by an 

oxide-nitride-electrolyte system, and the metal part of the reference electrode can 

be seen as the actual gate of the ISFET system. 

The use of an oxide-nitride overlayer has a dual role: firstly, to act as an 

ion-barrier so that no significant charge transfer can occur between the electrolyte 

and the gate oxide, and secondly, to increase Cox and hence the transconductance 

per unit area of the device. Coincidentally, Si3N4 also behaves as a stable, pH-

responsive surface. The fabrication of ISFETs is similar to that of MOSFETs 

therefore making it compatible with IC technology and mass fabrication. 

In conventional MOSFET operation the gate potential is referenced to that 

of the semiconductor bulk, and similarly in ion-sensitive measurements, the bulk 

is connected to the electrolyte via a reference electrode. The reference electrode 

which is described in the next section is able to make a stable, ohmic electri

cal connection to the electrolyte which is essentially independent of its chemical 

composition, and therefore provides an electrical datum for measurements. 

Since the ISFET is now operating in an electrically hostile environment it is 

necessary that the device is electrically isolated from the electrolyte, and this is 

achieved using an encapsulant. I f residual leakage currents are greater than a few 

tens of pA, parasitic electrochemical processes occur which destabilise the device 

response and therefore lead to further degradation of the encapsulant. 

As mentioned above, the actual gate of the ISFET system can be consid

ered to be the metal part of the reference electrode, and the original MOSFET 

equation (1) of the last section can still be applied with VQ now taken as the 
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bias applied to the reference electrode. For the ISFET, however, the flat-band 

voltage (equation (4)) is altered to contain some additional terms which describe 

the interfacial potential developed at the electrolyte/insulator surface. At this 

stage, it is helpful, in visualising the potentials developed in the system, to write 

down the electrochemical representation of the ISFET system and this is given 

in figure 3.3b. I t differs from the representation of the MOSFET system by the 

electrolyte/reference electrode term and this potential will modify the flat band 

voltage VFB of the ISFET system as 

T/ IP ^ ^^ol , * M *Si QlT + Qox 
VFB =-^ref - WO + X + ^ (5) 

Eref is the potential developed across the various phases constituting the refer

ence electrode. The other additional term {—ipQ + x^°^) describes the interfacial 

potential at the oxide surface/electrolyte interface, x^"' is the surface chpole mo

ment of the solution and ipQ represents the surface potential at the oxide surface. 

The relation between surface charge ao and V'O is developed in section 3.6, and 

from this, the ipo/pH relation for the ISFET can be derived. 

3.3 T H E R E F E R E N C E E L E C T R O D E 

The reference electrode provides an electrical "ground" for the ion-sensitive 

measurements and is ideally independent of the analyte composition. This allows 

electrolyte-induced changes in •00 to be assessed directly. The reference electrode 

can be considered to be an electrochemical half-cell against which the ISFET (the 

other half-cell) potential is measured. It is interesting to note that Bergveld, the 

pioneer of the ISFET, performed his early work without an external reference 

electrode and reported this as an advantage of ISFETs [4]. However, a theoretical 

treatment by Janata et al [5] argued that a reference electrode was essential for 

both thermodynamic and electrical stabiUty, and operation without a reference 

was equivalent to measuring a single half-cell potential which was thermodynam-

ically impossible. Janata suggested that Bergveld's devices were unintentionally 
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self-referenced via a leakage path, through the' encapsulant, from the semicon

ductor bulk to the solution. This seems hkely because of the recurrent problems 

involved in ISFET encapsulation due to their inherent small size and complicated 

encapsulant patterning. 

The reference electrode used in the work reported in this thesis is of the 

saturated calomel, porous-frit variety shown in figure 3.4a. A thermodynamical 

representation of its structure is shown in figure 3.4b. The construction of the elec

trode consists of a mercury-calomel electrode immersed in a saturated potassium 

chloride solution which is allowed to diffuse slowly through the porous ceramic 

fr i t into the analyte. An electrostatic junction potential, E j , is developed across 

this f r i t , between the inner KCl solution and the analyte, as a result of diffusion 

of the ionic species. By a correct choice of the inner solution, E j can be reduced 

to a small value (typically 1-2 mV), and since it is common to all analytes it may 

be treated as a common factor and therefore may be ignored. The electrostatic 

potentials E i , E2, and E3 are invariant and depend only on the activity of the 

mobile charge carriers common to adjacent phases. For example, E3 depends on 

the activity of the Cl~ ion and because the saturated KCl has a fixed chloride 

activity, E3 is constant. Thus, Ej-ef, the sum of the liquid junction potential and 

the electrostatic potentials can be considered as effectively independent of ana

lyte composition thus providing a reference potential for the ISFET system. A 

consequence of a good liquid junction is that there is a slow escape of KCl into 

the test solution. This is a distinct disadvantage when potassium or chloride ions 

are being measured. To overcome this, a double-junction reference electrode was 

used (figure 3.4a), in which the escaping KCl is retained in a second chamber 

containing a noninterfering electrolyte. The latter escapes into the test solution 

through the second junction. 
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3.4 I O N - S E L E C T I V E E L E C T R O D E S 

The ion-selective electrode (ISE) is widely used for the detection and measure

ment of ionic species in solution [6]. A conventional ISE system is shown in figure 

3.5 and is constructed in the following manner. A membrane containing the ion 

selective (electroactive) material is interposed between the unknown test analyte 

and an internal reference solution. The internal reference solution is of a known 

fixed chemical composition and is such that a reversible charge transfer can occur 

between i t and the electroactive material. An internal reference electrode makes 

contact to the reference solution (and hence to the electroactive material), and the 

measurement system is completed by a second (external) reference electrode sys

tem contacting the analyte. This reference electrode serves the same purpose as 

that described in the previous section i.e. it forms an electrochemical cell against 

which the potential at the electroactive material/analyte interface is measured. 

In figure 3.5, the ion sensing process takes place at the interface between the 

outer surface of the membrane and the analyte solution. An ion-exchange reaction 

between the solution and the surface layers of the membrane leads to a reversible 

transfer of charge, which gives rise to an interfacial potential between the two 

phases. I f the charge transfer process is selective to the ion to be measured, with 

respect to other ions in the analyte, then the system behaves as an ISE. Contact 

to the inner surface of the membrane (via the inner reference solution) and contact 

to the reference solution (via the iniier reference electrode) is achieved using the 

same type of charge transfer processes. Measurements using this system are pos

sible when these charge-transfer reactions have reached a state of thermodynamic 

equiUbrium. Using the membrane/analyte charge transfer reaction as an example, 

the equilibrium interfacial potential as a function of analyte concentration can be 

derived. 

Thermodynamic equilibrium between the analyte (phase a) and the membrane 

(phase /3) requires that the electrochemical potential /I ,- for the transferable species 
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i (involved in the ion-exchange reaction) be equal in both phases. In phase a, 

fli^ = ^il'^ -f RT In + ZiFcj,'' (6) 

where /x^" is the standard chemical potential, Oj'* is the activity of species i in 

phase a, Zj is the charge on species i, (j)" is the Galvani potential of phase a, and 

R, T and F are the gas constant, absolute temperature and Faraday constant, 

respectively. The activity ai°^ is related to the concentration cf, but takes into 

consideration the importance of the electrostatic interactions between ions at high 

ionic concentrations. At high ionic concentrations, electrostatic interaction of ion 

i with its neighbours reduces its abiUty to participate in any chemical reaction 

and so the effective concentration of the solution is reduced. For dilute solutions, 

concentration and ax;tivity are essentially equivalent. 

A similar equation can be written for phase /3, and applying the thermody

namic criterion for equiUbrium 

(li^ = -f. RT In o j " + ZiF<i>'' = / l / = tif + RT In a / + z,^P/ (7) 

The interfacial potential between phases a and (5 is equal to {(jfi — that is, 

Zii* Zip 

The first term is a constant and is usually referred to as EQ and therefore, 

RT / a " \ 
A<f> = Eo + ^ \ n l ^ ] (9) 

A similar equation can be derived for the interfacial potential developed between 

the inner membrane surface and the inner reference solution, a,-̂  can be eUminated 

and the total membrane potential, Ej, can be expressed in terms of ai" and ai^, 

where is the activity of species i in phase 7 (the inner reference solution), a,''' 

is known and a constant, and therefore Ej can be written as 

Zji* \ai' J 
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For a singly charged ion at room temperature (298K), a graph of Ej against 

logio Oi" is linear with a slope of 58 mV per decade change in activity. This is the 

well-known "Nemst equation" and is closely obeyed for conventional ISEs. 

The membrane/solution interface of an ISE is an example of an "unblocked" 

interface i.e. charge transport can freely occur across the interface. Charge trans

fer occurs via an ion-exchange reaction which is the dominant process responsible 

for the generation of the electrode potential. An interface at which there is a 

absence of such reactions, and where no charge transport can occur, is termed 

"charge-blocked" or "blocked" [7,8]. The electrolyte/insulator interface of the 

ISFET described in sections 3.5 and 3.6 can be described as "blocked" and "re

versible" . That is, no charge transport occurs across the interface, but the elec

trolyte interacts with the insulator via reversible surface adsorption processes at 

the interface. These processes are also in equilibrium with the diffuse charges in 

the bulk of the electrolyte, and the system's response is determined by both the 

reversible electrochemical phenomena and the total ionic strength of the analyte. 

3.5 T H E I N S U L A T O R / E L E C T R O L Y T E I N T E R F A C E AND S I T E 

DISSOCIATION T H E O R Y 

The aim of this section is to describe the reactions taking place at the insu

lator/electrolyte surface, and to derive the surface charge CTQ in terms of the pH 

of the electrolyte, CTQ corresponds to the potential difference between the gate 

surface and the bulk solution. Section 3.6 derives the relation between ao and (f)Q, 

and from this, ao in terms of pH can be evaluated. 

The origin of the interfacial potential, which determines the response of the 

ISFET, is the interaction of the insulator with the H+and 0 H ~ ions in the solu

tion. These ions are the so-called potential determining ions. The gate surface is 

covered with hydrophilic hydroxy OH groups which are amphoteric in nature i.e. 

the site can act as a proton donor or acceptor. The oxide surface thus contains 

three possible forms of site: negatively charged Si - 0~, neutral Si-OH and pos-
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itively charged Si — 0112". The degree of adsorption of the potential determining 

ions is dependent on their relative activities, and thus the oxide surface charge is 

pH dependent. The site dissociation theory [7,8] describes the dissociation and 

association of the amphoteric Si-OH sites in the form of two dissociation reactions, 

characterised by two equilibrium constants. The Si-OH groups interact directly 

with the H+ ions located directly near the surface, H ^ . The reactions then read 

as: 

Si-OHt^Si-OH + n:, i r . = M | ! k ( u ) 

Si-OH^Si-0-^H+, K, = ^^\s°So^?' (12) 

where [Si — 0H2], [Si —OH] and [Si — 0~] are the number of sites per unit surface 

area and [ir"*']̂  is the surface concentration. The Boltzmann equation relates the 

surface concentration of H"^ ions, [iT-*"]^, to the bulk concentration, [i^"*']^, and 

therefore 

( / ^ 1 , = |^aexp(:^) (13) 

where q is the elementary charge, k is Boltzmann's constant, T is the absolute 

temperature and ipQ is the potential difference between the bulk solution and the 

ISFET surface generated by the surface charge GQ. 

The surface charge is clearly: 

(TO = q{[Si - OH}] - [Si - O-]} = q[Si -OH]y— 

and substituting for [iT+j^ using (13) we have: 

(14) 

^ nfc?,- ^ , , J [ ^ + ] 6 e x p ( - # o / f c r ) K2 \ 

-0 = q[S^ - OH]i^ [ ^ + ] ^ e x p ( - # o A T ) j ^ ' ' ^ 

One more equation relating the surface species concentrations can be formulated, 

namely, the conservation of the number of surface sites 

Ns = [Si - OH] -t- [Si - 0-] + [Si - OH}] (16) 
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Combining equations (11) to (16) Dousma et al [9] obtained a first relation between 

tpo, CTQ and pH = - log [H'^]b, resulting in 

2.303p^ = 2.303(iiri /K2 ) ^ + ^ + sinh"^ { ^ } (17) 
l2qNs{KiK2)') 

Dousma made the assumptions that; K1K2 <^ 1 for inorganic insulators, which is 

just if ied according to tabulated values, and also that saturation of the pH response 

i.e. ao = qNs can never occur w i t h the pH range available in aqueous solutions. 

The pH of zero charge pHpzc is the pH which results in a net zero charge (i.e. 

(70 = •00 = 0) and f r o m equation (17) i t is clear that pHpzc = (-^'l IK2Y and (17) 

can be rewritten as: 

2.303(pir - pHpz,) = ^ + s inh -^ ( ^ 1 (18) 

To obtain the relationship between V'o and pH, a tpQ faQ relation must be consid

ered. The interfacial potential ipQ actually measured wi th an ISFET is related to 

the surface charge density OQ using the Gouy-Chapman-Stern theory. 

3.6 R E L A T I O N S H I P B E T W E E N uo A N D Vo U S I N G G O U Y -

C H A P M A N - S T E R N T H E O R Y 

The Gouy-Chapman-Stern (GCS) model describes the charge distribution at 

a metal-solution interface. I t is a refinement of the Gouy-Chapman theory, which 

is itself, an elaboration on the earher "electric-double layer" model proposed by 

Helmholtz. I n applying the GCS model to the electrolyte-insulator-semiconductor 

system i t is worthwhile describing the origin of the model. 

Helmholtz proposed that the counter charge to the excess charge residing 

at the metal surface was distributed in an "infinitely th in" planar sheet on the 

adjacent surface of the solution. The Helmholtz double layer is shown in figure 

3.6a. However, the model predicts a double layer capacitance which is independent 

of applied voltage; and this is not found experimentally. 

Gouy and Chapman [10] recognised that the solution charge distribution would 

not be uniform, but distorted. Since charge is attracted towards the electrode, 
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charge concentration, and therefore electric field, decrease wi th increasing distance 

f r o m the electrode. Therefore, the effects of random thermal processes which lead 

to distortions become more noticeable further away f rom the metal surface. The 

charge was envisaged to form a diffuse layer, and its potential profile is indicated 

in figure 3.6b. The diffuse layer can be represented as a discrete capacitance, Cd, 

characterised by a plate separation of d. As the ionic concentration increases, a 

thinner diffuse layer is required to counter the excess charge on the metal surface, 

and hence Cd increases. Similarly d decreases as the interfacial potential increases. 

The potential distribution ^ ( x ) in the diffuse layer can be obtained by com

bining Boltzmann's and Poisson's equations. By using Gauss's law applied to the 

electrode surface, the potential difference il^ across the Gouy-Chapman layer can 

be related to the solution excess charge density a. The result is as follows: 

V' = — s i n h - ^ ( r l (19) 

9 I (8e^eo^TC)2 J 

where ê eo is the permi t t iv i ty and C is the ionic concentration of the solution, 

respectively. 

Stern [11] later reahsed that the ions are prevented from ful ly approaching 

the electrode surface by their hydration sheaths, and took this into account in 

modify ing the Gouy-Chapman model. He proposed that the charge distribution 

should be divided into three regions depicted in figure 3.7. The first extends f rom 

the metal to the plane through the centres of the specifically adsorbed (partially 

solvated) positive ions. This is called the inner Heimholtz plane ( IHP) . The second 

region is bounded on one side by the IHP and on the other by the outer Heimholtz 

plane (OHP) . The OHP is defined by the centres of the hydrated ions at their 

distance of closest approach. The th i rd region extending f rom the OHP into 

the bulk of the solution is the diffuse layer of the Gouy-Chapman model. This 

is the so-called GCS model and i t can be applied to the electrolyte-insulator-

semiconductor (EIS) system of the ISFET to relate V'O and CTQ. The charge and 

potential distributions for the EIS system as well as an equivalent circuit are shown 
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in figures 3.8a, b, and c, respectively. Cu and CQX are the capacitances (per unit 

area) of the Helmholtz layer and the oxide, respectively, ^'Q can be partitioned 

into two components (referring to figure 3.8b) 

V-O = (^0 - ^d) + i'd 

where (•00 — i^d) = <^Q ICH and ipj^ is the potential diff'erence across the diffuse 

layer capacitance given by 

V - d ^ — s i n h - ^ l r l f rom (19) 
9 I (8e,eo'trC)2 J 

where oj, is the diffuse layer surface charge. Hence, 

^0 = ^ s i n h - i ( ^ U ; ? - (20) 

1 I (8e^eo/fcrC)2 J 

Bousse et al [12] have fu l ly discussed the solution of this equation and have demon

strated that the deviations between the exact solution and an approximate one 

(wi th = (70 are very slight, and become even smaller as C increases). Therefore 

equation (20) can be rewritten approximately as 

^ . = ^ s i n h - ' ( . U - g L (21) 

This is the relationship between ipo and CTQ for the ISFET system. Combining 

(21) w i t h (15) (which is the ipo,ao and pH relation) and (16) Bousse obtained 

an exact solution for CTQ as a funct ion of pH. The derivation is compUcated and 

beyond the scope of this thesis. However, a simpler solution can be obtained i f 

ionic concentrations greater than or equal to 0.1 M are considered. Taking the 

to ta l number of sites per unit area, iV^, for Si02 to be 5 x 10"^^ cm~^, so that 

for a fu l ly ionised surface, cro,max = qNg ~ 10"^ C cm~^, then the argument of 

the sinh~^ function is ~ 2.5 x 10""^ and thus the function can be replaced by its 

argument. Therefore (21) can be rewritten as 

* = S ^ ^ = S ^z, = 5 ^ ( 8 . e o . T C ) i (22) 
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and CR~^ = CD~^ + CH~^ and CD is the diffuse layer capacitance. I t can be 

seen f r o m (22) that the EIS system can be represented as a pair of capacitors in 

series. One component CD is the diffuse layer capacitance and the other, Cu, 

is the Heimholtz layer capacitance. This combined capacitance determines the 

surface potential •0o generated by the surface charge density CTQ 

A final ipo/pH relation can now be obtained by combining equation (22) and 

equation (21) f rom the last section, and ehminating CTQ hence 

2.303{pH-pH,..) = ^ - f s i n h - ^ l ^ " ^ ^ , | (23) 

Introducing a dimensionless sensitivity parameter /?, 

P = 2q^N,{KiK2)-2/kTCR 

which reflects the chemical sensitivity of the surface in terms of the site density 

Ng of the hydroxyl groups and the surface reactivity. The surface reactivity is 

characterised by the equilibrium constants Ki and K2. The last equation now 

reads, 

2.303(pi?-pi / , ,J = ^ + s i „ h - ' { | ^ } (24) 

For (3 >• qtpQ/kT, the equation can be simphfied by approximating the sinh"^ 

funct ion by its argument and rearranging to give the final relationship, 

V;o = 2.303— l ^ - ^ j {pH - pHp^c) (25) 

pHpzc is simply equal to {pKi +pK2)/2. The characteristics of the gate surface, 

and hence the V'O /pH curve are dependent on the parameters Ki, K2 and Ng. 

Van den Berg et al [13] have analysed the effect on the V'O IpH as a function 

of Ki, K2 and Ng- Increases in K^^, K2 and Ng all lead to a shift f rom non-

Nernstian to Nernstian behaviour. Ns largely influences the response as can be 

seen in figure 3.9. For Ns values < 10^^ cm~^ a saturation effect at pH > pHpzc+3 

is observed. The next section addresses the question of the measurement of the 

ipQ /pH response. 
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3.7 ^0 / p H R E S P O N S E D E T E R M I N A T I O N 

I t is worthwhile summarising the equations so far derived in this chapter 

in order to see how the ipo /pH response might be meeisured. The equations 

describing the basic operation of the ISFET are: 

W r 1 oT 
ID = m C O ^ y [i^G - VT)VD - - F ^ J (1) 

VT = VFB--^+2(f>F (3) 

IP I , sol , ^Si QlT + QOX fr^ 

VFB = Eref -i'0 + X + 7̂  (5) 
q q ^ox 

kT f 8 \ 
-̂0 = 2.303— ipH-pHpzc) (25) 

Following this "equation-tree" the ISFET can be considered to have a thresh

old voltage VT which is dependent on pH. One method of observing the effect of 

a change in p H is to directly measure the corresponding change in drain current 

I j ) . However, a more elegant method, which allows the direct determination of 

the change in ^̂ o as a funct ion of pH, has been used for the ipQ /pH measurements 

described in this thesis. 

From equation (1), i t can be seen that a pH-induced change in VT could 

be offset by an equal and opposite change in VG (i-e. VQ — VT is unchanged), 

thus keeping the drain current Ijy constant. The change in VT (and hence the 

change in surface potential ^^o) equals the change in Vg required to keep I j j 

constant. Therefore keeping I j ) constant, by adjusting VQ, provides a direct means 

of measurement of tpQ. The electronic circuitry required to control ID is shown 

i n figure 3.10. The drain current I f ) flowing through the ISFET A is set by 

the current source B , and the purpose of the amplifier C (remembering that no 
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current flows into C) is to maintain ID through the ISFET. The output Vg of 

the amplifier is applied to the reference electrode. When the ISFET is placed in 

solution the amplifier automatically adjusts Vg according to the pH of the solution 

so that a drain current of ID flows through the ISFET. A pH-induced change in 

VT ordinarily means a change in ID, but in the feedback system of figure 3.10 this 

would involve the amphfier either sinking or sourcing (depending on the change 

in VT) current. However, C adjusts its output VQ so that the ISFET sources or 

sinks the required amount of current. Thus the amplifier acts in such a way that 

the current ID flows completely through the ISFET. The operation of the circuit 

can be appreciated by referring to figure 3.11. Intially, the ISFET is described 

by the {ID, VQ) transfer characteristics w i th a threshold voltage of V y j and an 

operating point of {VQi^Iccmat)- On a pH-induced threshold voltage change to 

V'r2 the transfer characteristic moves, and Vg must be controlled to VG2 in order 

to maintain the drain current I const- The response of the system to a change in pH 

is governed by the electrochemical processes at the surface/electrolyie interface. 

I t is not l imited by the response of the amphfier (typically /xs which is determined 

by the ampUfier transfer characteristics). 

3.8 T H E I S F E T W I T H A N O R G A N I C F I L M M E M B R A N E AS T H E 

G A T E 

The ISFET structure described so far i n this chapter has utilised inorganic 

gate materials (e.g. Si02,Si3N4) which are well known in MOS technology. Coin-

cidentally, these materials are also pH sensitive, however, very few materials are 

known that are both compatible w i t h MOS technology and also have selectivity for 

ions other than H"*". However, w i t h the development of conventional ion-selective 

electrodes (ISEs), i t is known that a variety of ion-exchange materials can be en

trapped wi th in an organic matr ix to form soHd-state membrane electrodes. The 

matr ix normally consists of a combination of an organic material such as PVC and 

a plasticiser. I f i t is possible to incorporate an ion-exchanging, organic membrane 
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and (b) schematic with the Nernst equation. 



w i t h the ISFET, a C H E M F E T might be realised. The C H E M F E T is simply a 

combination of a chemically sensitive layer and the potential-sensitive F E T struc

ture. A weU-known example is the potassium-sensitive C H E M F E T which utilises 

a plasticiser/polyvinylchloride (PVC) membrane and contains vahnomycin as the 

ion-exchanger. The first report of such a device was by Moss et al [14] in 1975 

and since then much work has been done concerning the ion-exchanging materials 

used and the type of polymer used as the substrate. Very high specificity can 

be obtained using ionophoric materials such as valinomycin, and a triple-function 

chemical sensing C H E M F E T for K + , H"*" and Ca^+ has been described by Sibbald 

et al [15]. 

A cross-section through the ISFET structure coated wi th an electroactive 

gate film is shown in figure 3.12. The ISFET structure is charge-blocked and the 

potential determining processes at the membrane/solution interface are thought 

to be similar to those occurring in ion-selective electrodes. That is, the mem

brane/solution interface is thought to be non-blocked, and the threshold voltage 

V T depends on the ionic activity, ai, according to the Nernst equation, given in 

figure 3.12b (equation (9)). 

A critical point in the construction of a C H E M F E T is the attachment of the 

gate membrane to the underlying inorganic material. Normally application is by 

dip-coating or spinning of a suspension which contains the membrane material. 

This relies on a physical bond for the attachment and is not ideal, and loosening 

of the chemically sensitive layer whilst in solution has a deleterious effect on the 

l ifet ime of the device. Loosening of the electroactive gate wi l l allow the solution 

to reach the dielectric/membrane interface and hence its potential w i l l be altered. 

This potential is expected to behave according to the site-binding theory and wi l l 

modi fy the threshold voltage dependence as outlined in section 3.2. For an ideal 

C H E M F E T the dielectric/membrane potential should be constant, but Fogt et al 

16] have demonstrated that i t is possible for CO2 and organic acids to diffuse 

through polymeric membranes resulting in local pH changes at the interface, and 
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reported in this thesis is shown in figure 3.15. The diagram is the same except 

for the aluminium layer which has been omitted because in the present work the 

LB film membranes were deposited directly onto the ISFET surface. The origin 

of the potential in the membrane is as follows. Intially before immersion the 

membrane contains no ions. However, on immersion the potassium (K"*") and 

lithium (Li+) ions feel a diffusive force to enter the membrane. Potassium ions 

are able to penetrate the valinomycin-doped layer by undergoing complexation 

(as in the biological membrane), but the lithium ions are prevented from doing 

so owing to the selectivity of the valinomycin molecule. As each K"*" cation leaves 

the solution to enter the layer a corresponding counterion (e.g. Cl~ anion) is 

left behind in solution. In this way charge is redistributed, and an electric field 

directed out of the layer is established. At some point equilibrium is attained 

with the electric force on each particle equal and opposite to the concentration 

gradient-driven diffusive force. Then a surface dipole caused by the adsorption of 

K"^ ions in the membrane exists and it is this which is measured by the MOSFET 

system. From this the K"*" concentration in the electrolyte can be derived. 

The system of equations describing the device is solved in the following man

ner. Poisson's equation is solved for each of the three phases which allows the 

electric field, voltage and charge distribution profiles for each phase to be deter

mined separately as analytic functions (see figure 3.13a, b, and c). However, it is 

impossible to obtain an analytic expression to describe the entire system. When 

the device is operated in a circuit with a bias (reference electrode) voltage, a closed 

voltage loop is formed and according to Kirchoff's voltage law the loop voltage 

must be equal to zero. It transpires that the voltage across each phase can be 

expressed as an analytic function of the voltage, VA at the surface layer/aqueous 

phase interface as follows 

V{x = d) = VA, E{X = d) = EA = /i(Co, VA) 

where Co = C„io + C'mO and Cj^o concentrations of the 

specifically adsorbable ion (K"*") and the non-adsorbable ion (Li"*"), respectively. 
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Tpi is the voltage drop across the surface layer and is given by 

i^l = f2{EA) = f3{Co,VA) 

E(x = 0) is used both to calculate the voltage drop across the aluminium layer 

and also the surface potential Vs at the silicon/aluminium interface. Hence, 

E{x = 0) = /4(C„,O,V'I,£^A,^A) = h{CmO,CUVA) 

Since the electric field is constant (and equal to E(x = 0)) across the aluminium 

layer the voltage drop can be obtained from the thickness of the layer. Finally 

the electric field at the silicon/aluminium interface Es is equal to E{x — 0) from 

which V5 can be obtained 

^5 = f6{E{x = 0)) = hiC^o, C o . VA) 

The sum of the voltage differences across each phase is therefore also a function of 

VA, say, i^(VA) and Kircholf's voltage law demands that F{VA) = 0. For a given 

VAiCmO,C*^Q this equation can be numerically solved for VA- Back substitution 

of VA into the above functions yield the voltages across each phase, from which 

the electric field and charge distribution profiles may be obtained. 

3.9 S U M M A R Y 

In this chapter the basic operating principles of the ISFET have been described 

in terms of the combination of a MOSFET and an ion sensitive membrane. The 

operation of the MOSFET is described by standard MOS theory whUst that of the 

ion sensitive membrane is similar to that of conventional ion-selective electrodes. 

The pH sensitivity of a Si3N4 surface has been analysed in terms of reversible 

surface reactions between the amphoteric surface hydroxyl sites and the potential 

determining (H''' and 0 H ~ ) ions in the electrolyte. Similarly, the potassium ion 

sensitivity of a valinomycin-doped membrane was based on the development of 

an interfacial potential difference across the layer as a result of a charge redistri

bution. The following chapter describes the techniques employed for fabricating 

valinomycin doped Langmuir-Blodgett films to act as the potassium ion sensitive 

membranes in ISFETs. 
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C H A P T E R 4 

E X P E R I M E N T A L T E C H N I Q U E S 

4.0 I N T R O D U C T I O N 

In this chapter the techniques employed in the fabrication and characteri

sation of Langmuir-Blodgett (LB) films and ion sensitive field effect transistor 

(ISFET) devices are described. In section 4.1 all aspects of LB film technology 

are discussed. Section 4.2 deals with the preparation of LB films and section 4.3 

concerns their subsequent deposition. Section 4.4 describes substrate preparation 

and the fabrication of the ISFET devices. Sections 4.5 and 4.6 present the tech

niques used for structural characterisation of the LB films and characterisation of 

the devices, respectively. 

4.1 L B F I L M T E C H N O L O G Y 

Since the pioneering work of Langmuir and Blodgett [ l ] , developments have 

led to a number of variations on the original trough, including a circular trough 

with a radial compression barrier [2] and an alternate layer trough [3] used for the 

rapid, efficient production of ABAB.. . type supermolecular non-centrosymmetric 

LB film structures. These structures are of importance in non-linear optical and 

pyroelectrical applications. The trough employed for the work described in this 

project was of the constant perimeter barrier type and is described below. 

4.1.1 The conventional Langmuir trough 

A conventional Langmuir trough is illustrated in figure 4.1 and a photograph 

is shown in figure 4.2. The trough itself was made of glass and mounted on a metal 

platform which could be raised or lowered in order to maintain the height of the 

water relative to the barriers. When dissolved salts were used at an appreciable 

concentration (> 0.01 M) in the subphase, a small-volume trough (typically 5 1) 
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Figure 4.2 Photograph of a conventional Langmuir trough. 



constructed entirely from polytetrafluoroethylene (PTFE) was employed for the 

economical use of expensive, high grade purity chemicals. The barrier used to 

enclose the LB film material is of the constant perimeter type and consists of a 

PTFE-coated glass fibre belt, held taut by three pairs of rollers also made from 

PTFE. These rollers can be seen in the inset to figure 4.1. An undesirable feature 

of the trough used in the intial stages of the work were the so-called 'arms', labelled 

in the inset. For the accurate calculation of the molecular area of LB film materials 

it is important that the precise area occupied by the film is known. Depending on 

the rigidity of the LB film material used, it may or may not flow into the 'arms' 

of the trough. This will lead to an uncertainty in the area occupied by the film, 

especially for small film areas where the 'arms' occupy a large percentage of the 

total area. During the course of this work the problem was eliminated by moving 

the pair of rollers marked A outwards, thus pinching of the 'arms'. The original 

position of this pair of rollers is indicated by the dashed circles. One pair of rollers 

is attached to a fixed cross-member, whereas the other two pairs are fixed to two 

moveable cross-members, pulled by toothed rubber belts and driven by an electric 

motor. In this way the surface area enclosed by the barriers could be continuously 

varied between the two extremes of surface area shown in figure 4.1. 

The dipping head consisted of a motor driven micrometer screw mounted 

above the water on a moveable crossbeam. The substrates were held by a metal 

screw clamp attached to the dipping head, and could be raised or lowered at a 

constant speed in the vertical direction through the air-water interface. The speed 

of this vertical movement could be continuously varied between 2 mm min"-^ to 

10 mm min"-* .̂ The surface pressure (more correctly surface tension) exerted by 

the film on the water surface is monitored using a Wilhelmy plate suspended in 

the water by a thread from a microbalance above the trough. The Wilhelmy plate 

consisted of a 10 mm wide strip of filter paper. The complete system was housed 

in a glass-doored cabinet mounted upon a Newport XJR pneumatic anti-vibration 

table. The trough was located in a class 10,000 microelectronics clean room in 
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order to reduce dust contamination. 

4.1.2 Ins t rumenta t ion 

A photograph of the instrumentation associated with the trough is shown in 

figure 4.3. The barrier can be operated via a control box in three different modes; 

forward, reverse, and control. The manual forward and reverse controls allow the 

LB film to be compressed or expanded at a continuously, variable preselected speed 

e.g. during the recording of a surface pressure isotherm. The control mode of op

eration is normally used during film deposition. During film deposition, material 

is removed from the water surface and in order to maintain the required dipping 

surface pressure the barriers must compensate automatically by compressing the 

film further. This is accomplished using a simple feedback loop with adjustable 

gain, as shown in figure 4.1. A Beckmann LM6000 microbalance monitors the 

surface pressure via the force acting on the Wilhelmy plate. A voltage derived 

from the microbalance is compared with a voltage corresponding to the desired 

surface pressure which is preselected on the control box. The differential signal 

controls a motor which activates the barrier. I t is important that adjustable gain 

is allowed for in the feedback loop so that the mechanical properties of different 

monolayer forming materials can be taken into account. 

Al l movements of the dipping head are dictated by the control box, including 

its upper and lower limits, and its speed. The required number of dipping cycles 

can also be preset. High resolution linear potentiometers attached to the barriers 

and the dipping head allow accurate determination of film area and substrate 

position, respectively. 

Plots of surface pressure (microbalance output) against surface area were ob

tained on a Bryans 2900 X-Y chart recorder. During film deposition, area and pres

sure were simultaneously plotted on a Bryans 312 two-channel Y-t chart recorder. 

A Pye-Unicam PW9409 pH-meter and a mercury thermometer monitored the 

subphase pH and temperature, respectively. 
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Figure 4.3 Photograph of the instrumentation associated with a conventional Langmuir 
trough. 



4.1.3 Cleanliness 

Cleanliness is essential for the production of high-quality LB films. High 

purity subphase water is vital since any ionic or organic contaminants promote 

monolayer dissolution and poor deposition. The water used as the subphase and 

in all cleaning procedures was purified in the following manner. Mains water first 

passes through a 5 ^m filter, then into a Spectrum SC31 reverse osmosis unit 

and then into a storage tank. From here the water is continuously circulated 

around a ring main where i t undergoes activated carbon organic removal, double-

deionisation, membrane filtration, UV sterilisation and finally 0.2 /xm filtration. 

An Anatel in-line monitor confirmed that the total organic carbon content was less 

than 10 ppb and the resistivity was 17.2 M f i cm close to the theoretical maximum 

of 18 MQ. cm. Water is delivered to the trough from the ring main via high quality 

polypropylene tubing. 

Although the water circulating in the ring main is of the highest purity avail

able, degradation occurs whilst it is standing in the trough, for two reasons. 

Firstly, ions are likely to be leached out of the glass and secondly, bacterial growth 

is known to occur [4]. Therefore the trough water was changed every three days to 

reduce this source of contamination. Also at regular intervals a rigorous cleaning 

procedure was employed in which both barrier and rollers were removed and re-

fluxed in propan-2-ol vapour in a Soxhlet reflux unit for several hours. The trough 

itself was rinsed with propan-2-ol, chloroform, propan-2-ol and finally purified wa

ter. At the same time the Wilhelmy plate was renewed and the instrumentation 

checked for correct calibration. The subphase surface was cleaned by sweeping it 

with a fine nozzled glass pipe connected to an aspirator suction pump. 

4.2 LB FILM PREPARATION 

Before the deposition of a potential LB film material is attempted, its be

haviour on the water surface must be assessed. Two important properties that 

can be studied are its pressure-area relationship and its stability. Once the mate-
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rial has been estabhshed as a good monolayer film, the conditions for successful 

deposition can then be addressed. 

4.2.1 Pressure-area isotherms 

I f a material forms an insoluble monolayer at the air-water interface (insolu

bility in water is a fundamental requirement if the material is to form an LB film), 

then as the surface area (A) available to the film is reduced so the surface pressure 

(n) will increase. The procedure adopted for recording a H-A isotherm was as 

follows. The material was first dissolved in an organic solvent (usually "Aristar" 

grade chloroform) to an accurately known concentration. Then a known volume 

was deposited on the clean water surface using a Kloehn microlitre syringe. When 

the solvent had completely evaporated the film was compressed at a fixed, slow 

rate. By plotting the calibrated output from the microbalance (indicating surface 

pressure) against that of the barrier potentiometer (giving surface area) a II-A 

isotherm is obtained. The surface area (A) of the trough can be converted to 

surface area per molecule (Amoi) i f the number of molecules deposited is known. 

This can be determined from the formula Amoj — A M ( C V N A ) ~ ^ where M is the 

molecular weight of the material and, c and V are the concentration and volume 

of the spreading solution, respectively. 

A typical isotherm for the classical LB film material, stearic acid is shown 

in figure 4.4a and the inset shows the molecular formula of the molecule. The 

isotherm can be divided into four regions. The first three regions correspond ap

proximately to the two dimensional analogues of the "gas", "Hquid", and "solid" 

phases. The fourth region indicates the collapse of the film, that is, a buckling of 

the film with the molecules moving on top of each other, causing the monomolec-

ular property to be lost. The steep, Hnear, "solid" portion indicates the molecules 

have formed a condensed layer of low compressibility. Traditionally, the solid line 

can be extrapolated down to the Am axis; the point of intersection A^£,j is taken 

as the area per molecule in the condensed state. Comparison of this value with 

44 



mobile film the barriers respond immediately and smoothly thereby maintaining 

the preselected pressure. However, in the above case the behaviour of the barriers 

is delayed and erratic and sometimes oscillatory, and a constant surface pressure 

cannot be maintained. For the successful deposition of a floating monolayer onto a 

suitable solid substrate it is important that the molecules are mobile on the water 

surface. I f the film is too rigid; fracturing of the film on withdrawl and failure 

of the molecules to "flow" into the deposition area may result, causing "holes" in 

the film to occur. Very rigid monolayers can be made more fluid by mixing with 

fatty acids or by using slowly evaporating solvents. In the latter case, the solvent 

provides "lubrication" for the molecules to move more freely in the layer [6]. 

4.3 L B F I L M D E P O S I T I O N 

After a H-A isotherm for the material has been recorded and the stabihty 

assessed at the desired dipping pressure (usually corresponding to a pressure in 

the centre of the "solid" phase), a fresh monolayer is spread and compressed in 

"control" mode. After a few minutes to allow for the surface area to stabilise, 

deposition can be attempted. The first layer deposited is important for two rea

sons: firstly, it forms the foundation for subsequent layers and is the only layer 

directly bonded to the substrate; and secondly any defects in the first monolayer 

might be propagated into further layers. For these two reasons, particular care 

was taken in depositing the first monolayer; a low deposition speed (2 mm min"^) 

was employed followed by a drying time of at least 30 minutes. Subsequent layers 

were deposited from another fresh monolayer. 

Katharine Blodgett postulated three modes in which LB films could be trans

ferred to a substrate and named them X, Y, and Z type, as illustrated in figure 

4.5 for amphiphilic type molecules. Most materials deposit in the Y-type manner 

where transfer of the film onto the substrate occurs on both up- and down-strokes 

of the substrate. Normally, the fatty acids deposit Y-type and the resulting head-

46 



' • w w S K) O H [ • V ^ S / W ^ 

N/WV^sH }-Q O-C 

CH: 
o - [ 

}-N/s/ws/^0-C 
J V A ^ W S A O - C 

v ^ v ^ ^ ^ / ^ [-0 O H l • ^ / S A / V " \ 

>\ 

- K I O H ^ w w ^ 

W S / ^ W S | l - n O H k A A A / V ^ ^ 

N/s/s/s/v^^l l-O OH WsA/sH 

O H k / W W N Q H ^ A A A A > ^ 

O H h/S/SAA^^NQH {s/VS/NA /V\ 

O H K/sA/^WNDH I a / w v ^ 

a 
I 

tSJ 
T3 
c 

a o 

o 

o 



to-head and tail-to-tail sequence gives a highly symmetrical packing arrangement. 

Y-type pick up begins on the first downstroke for a hydrophobic substrate and on 

the first upstroke for a hydrophilic substrate. 

X-type deposition is characterised by material transfer only on the down-

stroke. The fatty acid esters such as ethyl stearate [7] and vinyl stearate [8] have 

been shown to deposit X-type. Also, unusually, at very high pH levels X-type 

deposition of fatty acids has been observed. This mode of deposition is energeti

cally unfavourable and X-ray evidence supports molecular rearrangement during 

or shortly after deposition to give an essentially Y-type structure [9 . 

Finally, Z-type deposition refers to transfer on the upstroke only. Z-type 

dipping has been observed in lightly substituted anthracene derivatives [10], por

phyrins [11,12], and for the phthalocyanines [6]. These molecules are very different 

from the classical fatty acids which possess clearly defined hydrophobic and hy

drophilic regions of the molecule and this may be one reason for their unusual 

deposition. The physical processes and molecular interactions involved in the 

different modes of film transfer have not yet been completely explained. 

An important parameter used to characterise the LB film deposition whilst 

in progress is the transfer ratio. I t is defined as the ratio of the change in surface 

area to the area of the substrate per traversal of the air-water interface. Thus, 

a transfer ratio of unity and zero indicate complete and zero coverage of the 

substrate, respectively. 

4.4 D E V I C E F A B R I C A T I O N 

4.4.1 Substrate Prepziration 

(a.) Silicon 

Silicon wafers were used as substrates for infrared spectroscopy, electron mi

croscopy, ellipsometry and X-ray diffraction experiments. Two types of silicon 

wafer were used: n-type silicon of either {100} or {111} orientation. The wafers 

were cleaned in hot propan-2-ol liquid and vapour for several hours in a Soxhlet 
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reflux unit. In this way the silicon surface was hydrophilic due to its native oxide. 

A hydrophobic silicon surface was produced by subsequently refluxing in a Soxh

let system containing 2% dichlorodimethylsilane in 1,1,1 trichloroethane. Finally, 

after rinsing the wafers in pure water to remove the hydrochloric acid formed in 

the treatment, they were again refluxed in hot propan-2-ol. The single crystal 

silicon ATR crystals for the infrared spectroscopy (see section 4.5.2) were treated 

in exactly the same manner as the siUcon wafers. However, in the latter case, it 

was often required to remove a hydrophobic surface to yield a hydrophilic surface. 

This was done by treatment with a buffered hydrofluoric acid etch (1 part HF to 

8 parts ammonium fluoride (NH4F)) for one minute, followed by thorough rinses 

in deionised water, and finally, a propan-2-ol reflux. 

(b.) Glass 

Spectrosil B vitreous silica sUdes were used as substrates for optical absorption 

measurements allowing transmission well into the ultraviolet (down to 180 nm). 

A rigorous cleaning procedure was adopted as follows: particulate matter was first 

removed by wiping with a lens tissue soaked in propan-2-ol and then the slides 

were ultrasonically agitated in a 5% Decon 90 alkaline soap solution. Following 

several rinses in fresh, ultrasonically agitated, deionised water the slides were 

refluxed in boiling propan-2-ol for several hours. Hydrophobic silica slides were 

obtained by the dimethyldichlorosilane treatment described for silicon, as in (a.). 

4.4.2 Mounting, bonding and encapsulation of I S F E T devices 

Custom designed printed circuit boards (PCBs) (18 mm x 120 mm) were used 

as mounting substrates. An array of conducting copper tracks was printed on the 

PCB. In the vicinity of the chip mounting area the copper tracks were gold plated 

to ensure reliable wire bonding, and a centrally located recess (5 mm x 2 mm, 0.5 

mm deep) was milled out to locate the IC. The latter was mounted using Epo-Tex 

H54 epoxy (Alpha Metals Ltd.) which was oven cured at 90°C for 1 hour. The 

substrate-IC assembly was then cleaned. Cleanliness is of the utmost importance 
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Figure 4.6 A photograph of a mounted encapsulated ISFET. 



for successful encapsulation and the following ultrasonic cleaning procedure was 

adopted: detergent (5% Decon 90 alkaline soap solution), deionised water (x2), 

propan-2-ol. After cleaning, the IC connections are gold wire bonded to the PCB 

gold-plated track tips-with 25 pLui gold wire using a gold wire bonder (Kulicke and 

SofFa Ind.). Next these connections were secured using a small amount of epoxy 

which was subsequently cured under the conditions above. Finally, the bond 

wires, metal pads and the exposed tracks were coated with epoxy and cured. 

Before making measurements with the ISFETs they were treated in a buffered 

hydrofluoric acid etch (1 part HF to 8 parts NH4F) for 30 seconds. A photograph 

of the mounted I S F E T , complete with encapsulation and edge connector, is shown 

in figure 4.6. 

4.5 S T R U C T U R A L C H A R A C T E R I S A T I O N 

4.5.1 Reflection High Energy Electron Diffraction 

Reflection high energy electron diffraction (RHEED) is a technique which can 

be used for the rapid identification of the structure of an LB film [13-17]. It is a 

convenient method and requires minimal sample preparation. From the RHEED 

diff"raction pattern, information concerning the amount of crystalHne order, the 

direction of preferred orientation of crystallites relative to the substrate surface, 

and interplanar spacings can be deduced. 

In the RHEED technique, a mono-energetic beam of electrons (for example of 

energy 100 keV, A=0.01 nm) is used to obtain difî raction from the atomic planes 

constituting the specimen surface. Diff'raction will occur according to the Bragg 

relationship, A = dî ki sin 9 where d̂ ki is the interplanar spacing and 6 is the Bragg 

angle. For most metals dî ki is of the order 0.2 nm and the Bragg angle varies from 

about 1.5° to 0.5°. In RHEED, the electron beam strikes the surface at grazing 

incidence and consequently only those crystal planes inclined at less than a few 

degrees to the surface will cause diffraction. 

A JEM transmission electron microscope operated at 100 kV was used in the 

49 



(a) 

/ 
5.9 nm 

(b) 

Figure 4.7 (a) A RHEED pattern from a 6 layer film of w-tricosenoic acid on a hydropho

bic silicon surface, and (b) tilting of the molecules, 6 = 20°. 



R H E E D studies. The specimen was held below the projector lens on a goniometer 

stage which allowed for grazing incidence; and rotation, tilt and translation of the 

sample so that the Bragg condition for diffraction could be satisfied. The diffracted 

beam was allowed to faJl on either a fluoresecent screen, or a photographic plate 

for recording the RHEED pattern. 

RHEED has been widely used to examine LB films of the long chain fatty 

acids. As a result of these investigations it has been estabhshed that the structure 

of fatty acid LB films is granular in nature i.e. the films are comprised of many 

crystallites. The molecules in each crystallite are inclined at approximately the 

same angle to the substrate surface. A typical RHEED pattern for six layers of 

w-tricosenoic acid prepared on a hydrophobic {100} silicon surface taken with the 

electron beam perpendicular to the direction of dipping is shown in figure 4.7a. 

The R H E E D pattern exhibits the so-called arcs of intensity [18] consisting of a set 

of diffraction spots. The diffraction spots originate from the C2H4 repeat units of 

the hydrocarbon chains of a;-tricosenoic acid. The angle the diff'raction arc makes 

with the shadow edge of the sample indicates the angle between the molecules' 

preferred orientation in the crystallite and the sample normal. In the case of ui-

tricosenoic acid this is approximately 20°, illustrated diagrammatically in figure 

4.7b. 

4.5.2 Attenuated total reflection ( A T R ) Fourier treuisform infrared 

spectroscopy 

The atoms within a molecule are never stationary but are constantly under

going pure vibrational, pure rotational and rotational-vibrational modes of oscil

lation. Infrared spectroscopy provides a means of studying the energy changes 

associated with these modes. Changes in vibrational energy of a molecule are 

normally observed in the infrared region of the electromagnetic spectrum. If the 

absorption of IR radiation is to produce a change in vibrational energy, interaction 

may only take place provided that there is a change in the electric dipole moment 
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of the vibrating unit during the vibration. Only then will there be a resonant 

transfer of energy from the oscillatory electromagnetic field to the molecule. The 

greater the change in dipole moment associated with a vibration mode, the more 

intensely it will interact with the radiation. Each type of band is characterised 

by a particular frequency which depends on the atomic masses involved in the 

band and the force constant of the bond. The local environment of the bond also 

affects this frequency and it is this dependence which has been used in the study 

of valinomycin containing Langmuir-Blodgett films. 

Fourier transform infrared (FT-IR) spectroscopy has certain advantages over 

conventional grating spectroscopy. In the latter, light from a broad band infrared 

source is passed through the sample onto a grating. The beam is dispersed by the 

grating, and light of a selected narrow frequency band is directed to the detector. 

By varying the frequency selected, a direct plot of detector response versus wave

length is obtained. The real advantage of an FT-IR spectrometer results from 

the use of a Michelson interferometer (shown in figure 4.8) rather than a grating. 

Collimated light from an infrared source is incident on a beam spHtter, part going 

to the moving mirror and part to the fixed mirror. The return beams recombine 

at the beam splitter undergoing interference and then the reconstructed beam 

is directed through the sample and focused on the detector. The motion of the 

mirror results in a signal at the detector which for a given wavelength A varies 

with frequency U) = VmA"-̂  (or (JJ = Vm"!?), where Vm is the velocity of the mirror. 

A laser beam undergoing the same changes in optical path as the infrared beam 

forms a laser reference interferometer which serves to reference the position of 

the moving mirror. The collection of data points from the signal of the infrared 

detector at uniform intervals of mirror travel forms an interferogram, i.e. a record 

of the detector signal as a function of the difference in path (retardation) for the 

two beams in the interferometer. One interferometer scan producing one interfer

ogram is performed rapidly (a few seconds each). Normally, approximately 2000 
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scans are co-added to improve the signal-to-noise ratio. The Fourier transform 

/•OO 
5(z7) = 2 I(x) cos(27rFa:) dx 

where x is the retardation, converts the signal as a function of retardation (i.e. 

the interferogram 1(2:)) to a signal as a function of frequency (i.e. the spectrum 

S(z7)). The F T - I R spectrometer offers improved signal-to-noise ratios compared to 

the grating spectrometer because of a higher optical throughput, shorter scanning 

time, and concurrent observation of all the infrared frequencies. 

Attenuated total reflection (ATR) spectroscopy [19] was used to investigate 

the L B films produced in this work because it has the extremely high sensitivity 

required to study monomolecular films [20]. The principles of the technique are il

lustrated in figure 4.9. The LB film specimen under examination is deposited onto 

the surface of a trapezium-shaped (in cross-section) silicon crystal which in this 

work was cut from a commercially available silicon wafer. The bevelled surfaces 

are at an angle of 45° and are highly polished, as are both surfaces of the crystal. 

IR radiation from the beam splitter enters the crystal and is multiply internally 

reflected within the crystal until it exits and passes into the detector. When radia

tion propagating in an optically more dense medium is totally internally reflected 

at an interface with an optically more rare medium an evanescent field penetrat

ing the rarer medium exists. The evanescent field is a nontransverse wave having 

components in all spatial directions and decays exponentially with distance from 

the silicon/sample interface. The IR radiation interacts with the sample via this 

evanescent wave. The key to the enhanced sensitivity of the ATR spectroscopy 

compared to conventional transmission spectroscopy lies in the number of multi

ple reflections within the crystal. The absorption of the IR radiation in the ATR 

case is increased by a factor equal to the number of reflections, compared to the 

simple transmission case and when examining samples of equal thickness. 

Infrared spectra were obtained on a Mattson Sirius 100 Fourier transform 

spectrometer equipped with a liquid nitrogen cooled cadmium mercury telluride 
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detector. All data was collected at a spectral resolution of 4 cm~^. A 1 x 20 x 10 

mm silicon crystal was used to obtain the ATR-IR spectra. 

4.5.3 Ellipsometry 

EUipsometry is a technique which can measure film thicknesses at least an 

order of magnitude smaller than can be measured by other methods, such as 

interferometry. Furthermore, it can make measurements in optically-transparent 

environments such as air and does not require special conditions. For these reasons 

ellipsometry is a valuable technique for the rapid determination of the thickness 

of LB films [21,22 

An ellipsometric measurement involves irradiating a sample with a collimated 

beam of monochromatic light having a known, controllable state of polarisation 
f 

and determining the difference between the states of polarisation of the incident 

and the reflected beams. From this measurement various properties can be com

puted concerning the reflecting surface. In this project these were: (a) the optical 

constants of the substrate i.e. the real part NS and the imaginary part KS of 

the refractive index, NS+iKS; and (b) for a substrate with known optical con

stants (determined in (a)) and covered with a single transparent film, the film 

refractive index N and the film thickness T were computed. The electric fields 

of the incident and reflected beams can be resolved into two orthogonal, linearly 

polarised components, the s and p components. When polarised light is reflected 

from a surface, generally the relative amplitudes and phases of the p and s com

ponents wiU change. These changes determine two angles, A(delta) and $(psi). 

The derivation of the equation of eUipsometry is beyond the scope of this thesis 

but, to underline the relationship between A and ^ and the changes in the p and 

s components, it is quoted here. The basic equation of ellipsometry is 

p = tan *e'^ 

where p is the ratio of the complex reflection coefficient of the p component to 

that of the s component. 

53 



O 
) i-i QJ E C— 

c 0) 
•a c N o CO >% 
o .0 

JZ m C Q. < 

fJDi 

T3 
v 
CO 3 

e 
o 
03 

a 

a 

r3 
3 
bO 

CC c o o 

'+3 a 
o 
< 
CO 
O 

3 
bO 



A Rudolph Research Auto EL-IV nuUing ellipsometer was employed during the 

work. The ellipsometer basically consists of two parts: (1) an optical system for 

the determination of the angles A and ^ and (2) a dedicated computer to convert 

these values into physical film parameters. Figure 4.10 illustrates the optical con

figuration known as the P C S A configuration, short for, Polariser, Compensator, 

Sample, Analyser which describes the passage of light from the source to the de

tector. The compensator is fixed and there exists some position of the polariser at 

which the reflected beam is linearly polarised, so that complete extinction can be 

obtained by orienting the analyser with its transmission axis at 90° to the linearly 

polarised reflected beam. With the Auto E L - I V the ellipsometric measurement 

is totally automated and is achieved by alternately adjusting the polariser and 

analyser until there is a true extinction of the reflected beam. At this null the 

positions of the polariser and analyser are recorded and they are a measure of A 

and respectively. 

Conversion of A and ^ to physical parameters is performed by an on-board 

dedicated computer. For the bare substrate, Fresnel showed that A and '9 were 

functions as expressed in the equations: 

A = fi($,A,NA,NS,KS) 

and 

* = gi($,A,NA,NS,KS) 

where A is the wavelength of light, $ is the angle of incidence of the incident 

beam and NA is the refractive index of the ambient medium. These equations 

can be solved uniquely for NS and KS. For transparent films on substrates, Drude 

proposed that: 

A = f2($,A,NA,NS,KS,N,T) 

and 

* = g2($,A,NA,NS,KS,N,T) 
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These equations can be numerically inverted and N and T can be calculated from 

the results of a single A, ^ measurement. 

4.5.4 X-ray low angle diffraction 

X-ray low angle diffraction has been used to study single component (e.g. 

fatty acid salts) as well as alternate layer Langmuir-Blodgett films [23-26]. The 

technique provides a determination of the d-spacing and also in-plane structural 

information concerning these films. 

X-ray diffraction follows the Bragg law. The wavelength of radiation used was 

0.154 nm, and since typically the d-spacing in LB films is 5-6 nm, the criterion 

for observing diffraction is that the radiation should strike the sample at grazing 

incidence. 

The X-ray measurements were undertaken at the Institute of Crystallography 

in Moscow. A purpose-built position sensitive small angle X-ray diffractometer 

was used. A coUimated, nickel filtered beam of Cu KQ X-ray radiation (A=0.154 

nm) impinged on the LB samples which were slowly rotated at about 20° per 

hour in vacuo. The diffracted beam was located with the aid of a position sensi

tive detector. An angular resolution of approximately 0.01° was realised using a. 

sample-to-detector distance of 74.0 cm. Several scans were recorded and summed 

for each sample. 

The X-ray spectra obtained consisted of a series of Bragg reflections from 

the (001) planes. For each reflection, 6 can be read, and using the Bragg equa

tion A = 2dlsin^, d can be calculated. The d-spacing which is an averaged value 

corresponds to the dimensions of the unit cell perpendicular to the substrate. An

other important parameter called the radius of correlation, Rc, can be calculated 

from the width of the reflections and it provides information about the long-range 

structural order in the film. 
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4.5.5 Ultra-violet spectrophotometry 

Optical absorption measurements were made on a Gary Model 2300 U V -

visible spectrophotometer. The ultraviolet or visible spectrum could either be 

taken of; a very dilute solution, contained in quartz cuvettes, or of LB films 

deposited on Spectrosil B vitreous silica slides. Two equal beams of ultraviolet 

or visible light are passed, one through the sample and the other through the 

reference solution or slide. The intensities of the transmitted beams are compared 

over the whole wavelength range, and the spectrum is plotted automatically as 

loglo(Io/I) on the ordinate versus wavelength, A, on the abscissa. A baseline 

correction for the particular reference material was also recorded. 

4.6 I S F E T C H A R A C T E R I S A T I O N 

The electrical characterisation of the I S F E T devices included the measurement 

of the I D / V Q threshold characteristic, the I D / V D S output characteristics, and the 

determination of the athermal drain current for use in the pH measurements. The 

pH responses of the I S F E T devices were evaluated by recording surface potential 

versus pH curves. 

4.6.1 Electrical characterisation 

The electronic circuitry used in both the electrical characterisation and pH 

response evaluation of the ISFETs is shown in figure 4.11. It is the well-known 

constant current operating configuration for the I S F E T which allows the direct 

determination of surface potential as a function of pH to be made [27]. For 

measuring the I D / V D S output characteristics (for various V Q ) the feedback loop 

is disconnected and V G is applied from a voltage calibrator output. Similarly, the 

I D / V Q threshold characteristic can be obtained. Both transistor characteristics 

were obtained with the devices in a pH 7.0 buffer solution after a 24 hour exposure 

to solution. Measurements were made at room temperature. 

MOS device characteristics are temperature dependent and an athermal drain 
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current must be selected for the operation of the I S F E T in constant current mode. 

That is to say, a drain current which is not significantly dependent on temperature. 

The athermal value was determined from a family of I D / V Q curves, each at a 

different temperature. Typically the curves intersect at one point corresponding 

to an athermal value for the drain current. Once this has been determined pH 

response measurements can be undertaken. 

4.6.2 pH response characterisation 

The simple feedback circuit shown in figure 4.11 was used for the pH mea

surements. Chemically induced changes in ID (resulting from a change in pH) 

are automatically offset. For example, if the device is transferred to a solution of 

greater pH, the interfacial potential at the I S F E T surface decreases, and therefore 

Ejef increases to maintain ID- This means that changes in the surface potential 

are measured directly as changes in the output voltage Eref. 

The surface potential versus pH measurements were recorded as follows: 50 

ml solution containing 0.01 M citric acid, 0.01 M phosphoric acid, 0.02 M boric 

acid and 0.1 M NaCl was titrated with a solution of 0.1 M HCl -|- 0.1 M NaCl 

until pH 2.0 was reached. A pH electrode calibrated with two standard buffers 

and an I S F E T operating in constant current mode was placed in this solution, 

which was stirred thoroughly using a magnetic stirrer. A 0.1 M NaOH solution 

was then titrated, and the surface potential differences (measured as differences in 

reference electrode potential) were recorded as a function of pH. The drain current 

was set to its athermal value. The reference electrode operating in conjunction 

with the devices was of the saturated calomel type. A typical recording scan from 

pH 2.0 to pH 11.0 was approximately 30 minutes allowing the ISFET to stabilise 

for about 3 minutes at each pH value. After each scan, the solution was replaced 

with the starting mixture and another scan was recorded. Data presented are 

typically an average of ten scans. 
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4.6.3 Potassium response characterisation 

The measurement of surface potential against potassium concentration were 

performed in exactly the same manner as in 4.6.2 except the starting solution 

was 50 ml 0.1 M LiCl and 10~^ M KCl. Titration of solutions of 0.1 M LiCl 

but with varying concentrations of KCl allowed the pK concentration to proceed 

at unit intervals from pK 5 to pK 1. During the pK response evaluation, the 

calomel reference electrode was replaced by a double junction reference electrode 

incorporating an outer cell filled with NaCl. Unfortunately during the titration, it 

was not possible to monitor the potassium concentration. Consequently, a dummy 

titration was performed with no I S F E T in solution. Every 0.5 pK unit, 10 ml of the 

solution was removed and placed in a 10 ml volumetric flask. The set of solutions 

were subsequently analysed by atomic absorption flame spectrophotometry [28] 

in order to determine their potassium concentration. In this way the potassium 

concentrations of all starting solutions could be checked, and the progression of 

potassium concentration during the titration was known. 

4.7 SUMMARY 

The fabrication and characterisation of Langmuir-Blodgett (LB) films and 

ion sensitive field effect transistor (ISFET) devices have been described. The 

techniques of reflection high energy electron diffraction, Fourier transform infrared 

spectroscopy and X-ray low angle diffraction which are used to obtain structural 

and chemical information concerning the films are outlined. The methods used for 

the evaluation of the pH and potassium responses of the ISFET devices have been 

demonstrated. The next chapter concerns how the techniques of this chapter are 

combined to fabricate the L B film coated-devices, and describes their subsequent 

evaluation. 
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C H A P T E R 5 

I S F E T AND L B F I L M - I S F E T C H A R A C T E R I S A T I O N 

5.0 I N T R O D U C T I O N 

This chapter concerns the characterisation of the ISFET devices with and 

without a deposited LB film. Section 5.1 describes the characterisation of the 

virginal I S F E T devices. This includes determination of the I D / V D S output char

acteristics and the the I D / V G S threshold characteristic. A family of the latter 

curves obtained at different temperatures allows the choice of the athermal oper

ating current for the I S F E T to be made. Section 5.2 demonstrates the pH response 

of the devices and the effect of a buffered HF etch on this response. Section 5.3 

deals with the characterisation of I S F E T devices coated with an LB film. The 

effect on the pH response as a function of the number of monolayers deposited, 

and the LB film material is investigated. The pH sensitivity of the I S F E T is 

redundant as far as potassium sensing is concerned and an attempt to reduce it 

using a plasma polymer overlayer deposited onto the Si3N4 ISFET gate is out

lined in section 5.4. Finally, section 5.5 describes potassium sensing experiments 

performed with valinomycin-containing LB films deposited onto the ISFET. 

5.1 C H A R A C T E R I S A T I O N OF VIRGINAL I S F E T D E V I C E S 

5.1.1 Preliminary device assessment 

After the I S F E T chips had been mounted onto the printed circuit boards, gold 

wire bonded and encapsulated they were subsequently immersed in a buffered HF 

solution. This was followed by a "conditioning" period during which the device 

was exposed to a buffer solution of pH 7.0 for 24 hours. 

Before any characterisation was attempted, the suitability of a device to pro

vide reproducible results was determined. The main criterion for this assessment 

was the determination of a leakage current for the device, that is, with the ISFET 
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immersed in a pH 7.0 buffer solution and the source and drain terminals short 

circuited , the current through a picoammeter between the source and ground 

was measured. This current consists of contributions from the current flowing 

through the gate insulator which is normally insignificant and, more importantly, 

from the leakage currents due to poor encapsulation. Poor encapsulation includes 

inadequate insulation of the device's electrical connections from the solution, and 

the substrate from solution. For devices used in the early stages of this project, 

encapsulation of bonding wires, metallisation and the chip periphery was a prob

lem, and a number of devices were fabricated in an intially "leaky" condition. 

These devices were characterised by leakage currents of around a few tenths of 

a ^A . The high leakage currents were associated with the poor encapsulation of 

the chip periphery, and hence of the substrate. However, with the arrival of the 

silicon-on-sapphire (SOS) ISFET devices [ l ] , the proportion of faulty devices was 

reduced substantially. The improvement in encapsulation as a result of the sap

phire isolation of the substrate from solution was evident from leakage currents 

of less than 10 pA. "Leaky" devices were immediately discarded with no further 

use. Devices which showed currents of less than 10 pA over the entire bias range 

(-5 to -j-5 V) were deemed suitable for further characterisation. 

5 .1 .2 I D / V G S and I D / V D S I S F E T characterisation 

The I D / V G S (threshold) and I D / V D S (output) characteristics for the ISFET 

devices have been obtained using the electronic circuitry shown in figure 4.11. 

In both cases the feedback connection of figure 4.11 was disconnected. The two 

characteristics obtained in a pH 7.0 buflTer solution at 25°C are shown in figures 5.1 

and 5.2, respectively. The curves are identical in form to the output characteristics 

of an MOS transistor (as they should be if the electrolyte-reference electrode 

combination of the ISFET system is considered to be equivalent to the metal 

component of the MOS structure). The results illustrated in figures 5.1 and 5.2 

are typical of the SOS ISFET device used in this work. An indication of the 
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Figure 5.2 The I D / V D S output characteristics for an SOS ISFET device at pH 7.0 and 
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reproducibility of these curves is given by the threshold voltage V T obtained from 

the I D / V Q S characteristic. A value of -1.5 ± 0.05 V (for a pH 7.0 buffer solution) 

was obtained for most devices studied in this work that had been treated with HF 

and conditioned in solution. 

5 .1 .3 Effect of a p H change on the I D / V Q S characteristic 

The effect of the changing pH of the buffer solution on the I D / V G S character

istics for a constant V D S is presented in figure 5.3. Clearly the effect is a change 

in threshold voltage V T for the characteristic. The shape of the curve remains 

the same but its position along the V G S axis shifts according to the pH change. 

The determination of V T from these curves is difficult because its definition is not 

precise, but an approximate value for A V T per pH unit (i.e a decade change in H'*' 

concentration) of 50-55 mV is obtained. The pH response is therefore almost ideal 

or Nernstian (58.6 mV per decade for a monovalent ion at 298K). This method 

of determining the change A V T per pH unit, as well as being inaccurate, is labo

rious since an I D / V G S characteristic must be plotted for each pH solution used. 

A more elegant technique which allows A V T to be monitored directly utihses the 

constant current mode of operation for the ISFET. For precision measurements, 

the inherent thermal sensitivity of the ISFET devices was taken into account and 

operation in constant current mode was performed at the athermal current. 

5.1 .4 I S F E T athermal characteristics 

The influence of temperature on the MIS device characteristics has been in

vestigated by Vadasz and Grove [2,3]. The threshold voltage V T and the inversion 

layer-charge (electron) mobihty fi are the most significantly affected terms in the 

drain equation (equation (1), section 3.1). The results of Vadasz [3] suggest that 

over a wide temperature range ( -55°C to 125°C) typical MIS device character

istics show a locus of minimum 6lj^/5T. For biomedical applications, which are 

performed over a restricted temperature range (IS^C to 40°C) the locus can be 
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considered as an athermal point, a point where the drain current is not signifi

cantly thermally dependent. 

The athermal drain current (or point) is determined by plotting the I D / V G S 

characteristics over a temperature interval. The thermal characteristics for the 

ISFET devices used in this work are shown in figure 5.4 for three different tem

peratures. The athermal ID value can be read of as 215 /xA. For the devices used 

in this project athermal current values fell in the range 215 ± 10 /iA. With the 

drain current set at its athermal value the pH response of the devices could be 

evaluated. 

5.2 E V A L U A T I O N O F T H E P H A N D K+ R E S P O N S E S 

O F T H E I S F E T D E V I C E S 

5.2.1 p H response 

Before pH measurements were made the device was conditioned in a pH 7.0 

buffer solution (with the ISFET in constant current mode) for 24 hours. This was 

necessary to allow the Si3N4 surface to hydrolyse completely. When the Si3N4 gate 

surface is intially immersed in water, the dangling Si bonds react with the water 

molecules forming silanol SiOH groups. Until the surface has fully hydrolysed (i.e. 

until the above process has reached an equilibrium) the bias voltage, Eref, apphed 

to the ISFET continually drifts. Only when the drift is less than 1 mV/hour were 

pH measurements undertaken. Large drift values are also an indication of poor 

encapsulation of the ISFET device. 

The pH response of the ISFET with no preliminary HF etch of the gate surface 

is shown in figure 5.5. It can be seen that the response is far from Nemstian, 

typically 35-40 mV per pH unit. This has been attributed to the formation of 

a silicon dioxide (Si02) film on the nitride surface. It is known that Si02 also 

exhibits an inherent pH sensitivity but lower than that of Si3N4 because of a 

reduced surface site density. After the Si02 layer is removed with an HF etch, a 

near Nernstian response is achieved over the range of pH 4 to pH 9. Most devices 
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exhibited response in the range 50-57 mV per pH unit. 

5.2.2 Cation (Na+, K+) response of the I S F E T 

I t is well known that the pH-responsive surfaces such as Si3N4 and Si02 also 

exhibit a response to the alkali-metal cations [4]. For example, in addition to 

the potential determining ions (H"*" and 0H~) exchanging with SiOH sites on the 

Si3N4 surface, it is possible for a monovalent counter ion such as sodium to also 

participate thus 

SiO- -f- Na+ ^ SiONa (1) 

Therefore the cation responses of the ISFETs were measured. Figure 5.6 

illustrates the effect of Li+, K+ and Na"*" concentrations on the threshold voltage 

of the devices (the titration solutions consisted solely of the cation ion under 

investigation). For all cations no response is observed until the concentration 

changes from 10~^ M to 10~^ M where a sharp shift in A V T occurs. This effect 

is partly due to the participation of the surface reactions of the type described in 

equation (1) but is also a direct result of the total ionic concentration in solution. 

From equation (21) of chapter 3 the surface potential is not only determined 

by the parameters K i , K2 and Ns, but also by the magnitude of the Helmholtz 

capacitance, C H - The latter depends on the total ionic concentration, C , in the 

solution. If the titration of, for example, K"*" is carried out in a 0.1 M LiCl solution 

the device response is shown by the dashed line of figure 5.6. The change in Vx 

from 10~^ M to 10~^ M is now much reduced because C has only changed by a 

factor of approximately two, compared to ten for the single-ion titration. The 

inherent sensitivity of the device to K"*" is important when the LB film-coated 

device response is assessed. For all cations Uttle or zero response is obtained in 

the 10"^ M to 10~2 M range. 
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5.3 I S F E T C H A R A C T E R I S A T I O N W I T H D E P O S I T E D L B F I L M S 

5.3.1 Use of I R transmission spectroscopy to examine 

the I S F E T surface 

The early stages of the project were concerned with dipping mixtures of fatty 

acids and valinomycin onto the ISFET surface. A technique based on IR spec

troscopy for determining whether or not an LB film had been transferred onto the 

ISFET surface was devised. The region of the printed circuit board (PCB) (onto 

which the ISFET had been previously mounted) that was coated with the LB film 

is indicated in figure 4.6 of chapter 4. Monitoring the surface area of the film as a 

function of time during the dipping process provides little evidence for successful 

transfer of the film onto the ISFET itself. This is because of its relatively small 

surface area. Instead, exposing the underside of the ISFET chip (by boring a 

small hole in the reverse side of the PCB) allowed an IR beam to be transmitted 

through the ISFET. The IR spectrum of any material deposited onto the chip 

surface could then be analysed to identify not only the presence of the two com

ponents but also to provide an indication of the reproducibility of the deposition. 

Preliminary work was carried out using w-tricosenoic acid (a;-TA)/valinomycin 

mixtures. The deposition conditions for a 10:1 mixture were a surface pressure 

of 23 mN m~^, a pH of 5.8, a dipping speed of 3 mm min~^ and a temperature 

of 21°C. The spectrum for a cast film (deposited from a microsyringe) of a 10:1 

mixture is shown in figure 5.7, with the bands due to each component labelled. 

This was used to identify the mixed LB film on the ISFET. The IR spectrum for 

100 layers deposited onto the ISFET is shown in figure 5.8. Comparison of figures 

5.7 and 5.8 shows that all the valinomycin bands are present. Valinomycin is 

unmistakably present on the ISFET surface. The NH band (approx. 3300 cm~^) 

in the spectrum of figure 5.8 is obscured by the OH band of water vapour; and 

also the CH3 band is inexplicably absent. By calculating the ratios of the intensi

ties of certain valinomycin bands (ester; amide I , and I I ) to those of w-TA in the 

mixed films for various numbers of layers deposited, yields a constant value. This 
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suggests that the deposition is reproducible and that vaHnomycin is still being 

deposited at a large number of layers. 

The use of this technique has highhghted a potential advantage of the SOS 

ISFETs over those ISFETs having exposed substrates. In the case of the lat

ter devices, i t was necessary to encapsulate the chip periphery. To achieve this 

efficiently resulted in a rim of epoxy running around the entire periphery of the IS

FET enclosing the gate surface. The rim of epoxy was raised above the flat surface 

of the PCB and hence the ISFET gate formed the bottom of a well-type hole. On 

withdrawl of the PCB from the subphase during the dipping process, water was 

retained in the well. On the subsequent downstroke the trapped water rejoined 

the subphase; consequently, little or no film was deposited. IR spectroscopy from 

such a dipped sample showed the presence of a small quantity of material and 

observation under a microscope revealed a poor, non-uniform film. However, the 

SOS ISFETs (which required no substrate encapsulation) could be mounted on 

the PCB in such a way that the ISFET surface was flush with the PCB surface. 

This provided a level surface onto which LB films could be readily deposited. The 

results of spectroscopy, and ellipsometry of LB films coated onto mounted SOS 

ISFET chips, revealed an excellent reproducibility for the deposition. 

5.3.2 Fatty acid and fatty acid ScJt films deposited onto I S F E T 

Langmuir-Blodgett films of a variety of fatty acids and their salts were de

posited onto the gate surface of the ISFET and the effect on the pH response was 

investigated. The experimental procedure was as follows. Intially, the virginal 

pH response was determined followed by the deposition of the LB film onto the 

ISFET and its IR characterisation. Then the pH response was again determined. 

In order to evaluate whether any film had been lost during the titration, both a 

visual and an IR examination of the LB film were performed after completion of 

the pH titrations. Finally, the LB film was removed using Aristar chloroform and 

the pH response was again recorded. 
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A S = Change in pH response with addition of 50 layers 
of LB film 

Material pH Response 
(mV/Decade) 

AS 
Before 

AS 
After 

Percentage Loss 
During Imrnersion 

Arachidic 
Acid 50 ±2 0 0 <10% 

Cadmium 
Arachidate 52+2 0 0 < 5 % 

Stearic 
Acid 52+2 0 0 <10% 

Cadmium 
Stearate 50+2 0 0 < 5 % 

55±2 0 0 < 1 0 % 

Cadmium 
o^-Tricosenoate 

55±2 0 0 < 5 % 

(a) 

Polymerised 
Diacteylene 50±2 0 0 0 

Silicon 
Phthalocyanine 50±2 0 0 < 5 % 

(b) 

Table 5.9 (a) The effect of LB films (50 monolayers in thickness) on the pH response of 
the ISFET device for both fatty acids (and their salts) and (b) the effect of 
silicon phthalocyanine and polymerised diacetylene LB films. 



The fatty acids and their salts deposited onto the ISFET and their effect on 

the pH response are tabulated in Table 5.9a (the table is for 50 layer films). It 

is clear from these results that the LB film has no significant effect on the pH 

response of the ISFETs. The "super" pH response reported by Moriizumi [5] for 

an SOS ISFET coated with cadmium arachidate was not observed. Furthermore, 

there is still no effect on the pH response as the number of monolayers is varied. 

Up to 100 monolayers of cadmium stearate have been deposited and no significant 

changes in AS were observed. The results also indicate that the adhesion of the LB 

films of the cadmium salts of the fatty acids, upon immersion in aqueous solution, 

is better than that of the acids. This can be associated with the improved lateral 

cohesion in the salt films due to the presence of the divalent cadmium ions. For 

all the salt films, less than 5% of the material was lost for an immersion period 

of 2 hours. Furthermore, the threshold voltage V T of the ISFET device did not 

change when an LB film was coated onto the gate surface. There are two possible 

interpretations for the results described above. Firstly, and most Hkely, the LB 

film does not present a barrier to the potential determining H+ and 0H~ ions 

and the surface reactions on the Si3N4 surface proceed as if no film were present 

giving an identical pH response. Secondly, i t is feasible that the fatty acid and 

fatty acid salt LB films are taking part in proton exchanging reactions with the 

electrolyte thus leading to an identical pH response to that produced by the gate 

surface. 

A material which was expected not to undergo proton exchanging reactions 

with the electrolyte was silicon phthalocyanine [6]. The effect of the number of 

monolayers on the threshold voltage and the pH response was evaluated. The 

effect on the pH response for 50 monolayers of this material is shown in Table 

5.9b. Again no significant effect is apparent on both the pH sensitivity and the 

threshold voltage. Adhesion of the film to the ISFET surface was however ex

cellent with almost no loss of material. This concurs with the excellent dipping 

properties reported in the literature for this material [6]. This result reinforces 
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the first hypothesis based on the permeabihty of the L B film to the potential 

determining, ions probably due to pin-hole defects in the L B film or possibly due 

to ions creeping around the edges of the L B film. In order to provide a structure 

less permeable to hydrogen ions monolayers of a diacetylenic acid [7] were coated 

onto the ISFET. The material used was C i 7 H 2 5 - C = C - C = C - ( C H 2 ) 8 - C O O H 

and the deposition conditions were: a surface pressure of 15 m N m~^ and a pH 

of 6.5. The L B film was subsequently UV-polymerised using an EPROM eraser. 

The resulting disordered cross-linked structure was expected to be less permeable 

to the and 0 H ~ ions than the ordered fat ty acid structures. The results of 

Table 5.9b suggest, however, that the pH sensitivity and threshold voltage are 

unchanged i.e. the same result as for no L B film. 

From these experiments i t can be concluded that the LB film is no barrier to 

the H"^ and 0 H ~ ions. Furthermore, the cation responses of the ISFET were also 

found to be unchanged by the addition of an L B film. 

5.4 P L A S M A P O L Y M E R M E M B R A N E C O A T I N G F O R T H E I S F E T 

From the point of view of the potassium ion-sensing application i t is the MIS. 

structure of the ISFET which provides the mechanism for transducing the equilib

r ium potential produced across the sensitive membrane. The surface potential is 

changed which alters the degree of surface inversion, and hence the drain current 

(or threshold voltage). The intrinsic pH sensitivity of the Si3N4 gate insulator 

plays no role (and although its elimination is unnecessary because, in the research 

environment, potassium ion-sensing experiments can be carried out at constant 

pH) a practical working potassium sensor which is independent of pH is desirable. 

Towards this aim, an attempt was made to reduce the pH sensitivity of the gate 

surface. 

Preliminary investigations, using the silanising agent dimethyl- dichlorosilane 

to remove the pH-sensitive silanol groups showed that the pH response could be 

reduced to approximately 25 m V p H " ^ . Complete elimination was not possible 
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and Van den Berg et al [8] have attributed this to the fact that such a direct 

chemical modification of the silicon surface sti l l leaves residual surface silanol 

groups to participate in proton exchanging surface reactions. 

Next, the deposition of a polymeric layer on top of the gate was attempted. 

Previous reports in the literature concern the deposition of polyvinylchloride 

(PVC) [9], poly-p-xylylene (Parylene) [10] and Teflon [11] polymeric films. Such 

hydrophobic films are essentially site-free (10-̂ "' cm~^ as compared to 10^^ cm~^ 

for the hydrophilic Si^N^ surface) and provide non-Nernstian responses. Plasma 

polymerisation ( in which there is a strong research interest at Durham Univer

sity) was used to deposit the polymeric layer in the following manner. The plasma 

polymerisation was carried out wi th the mounted ISFET placed in the centre of 

a tubular-shaped pyrex reactor. The system was evacuated to a base pressure 

of 3 X 10~^ torr, and then benzene vapour was introduced and allowed to flow 

through the system at a pressure of 0.1 torr. Radio frequency power( 20 W ) 

was inductively coupled to the system through an externally wound copper coil. 

When the plasma was ignited a th in polymeric layer was deposited on all surfaces 

in contact w i t h the plasma. 

Int ia l experiments performed wi th plasma polymer films of benzene, typically 

100 nm in thickness showed the the desired reduction in pH sensitivity (the thick

ness of the plasma polymer films was obtained by ellipsometry on a silicon test 

sample placed next to the ISFET in the plasma discharge tube during deposi

t ion) . Unfortunately, the lifetimes of these films were short (a few hours). This 

was caused by the formation of micro-cracks in the polymer film which could 

easily be examined under the optical microscope. Upon re-immersion, the pH 

response had changed markedly and increased wi th time; approaching that of the 

bare Si3N4 device. Clearly this indicates the silanol groups had become exposed 

to the solution and again were contributing to the pH sensitivity. 

The above problem was overcome by the use of thinner polymer films, SO-

SO nm in thickness. A typical pH response for an ISFET coated wi th 30 nm of 
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a plasma polymer of benzene is shown in figure 5.10. The change in threshold 

voltage A V t as a function of pH is now no longer monotonic, and the maximum pH 

slope is 5 mv pH~^ . Clearly a substantial reduction in pH sensitivity is obtained, 

and this can be at tr ibuted to the essentially site-free surface. However, the results 

of figure 5.10 were obtained taking into account a relatively large, constant d r i f t 

in the threshold voltage at a rate of approximately 5 mV per min. This should 

be contrasted to a rate of d r i f t of 1 m V per hour for the Si3N4 surface. The 

cause of this d r i f t in V t was associated wi th the plasma polymer. Removal of 

the plasma polymer wi th a short ultrasonic agitation in acetone resulted in a 

reduction of the d r i f t value to that of the bare SiaN^ surface. The large d r i f t 

values can be at tr ibuted to the movement of ions in the polymer (introduced 

during the deposition process) under the influence of the electric field applied 

across the polymer-oxide sandwich. 

Furthermore, investigation of the deposition process of fa t ty acids onto a ben

zene plasma polymer coated glass slide revealed that the unreactive surface of 

the polymer (as well as providing a pH insensitive surface) also made the transfer 

of monolayers inordinately difl!icult. For these reasons, the plasma polymer idea 

was abandoned and i t was decided to perform potassium sensing experiments at 

constant pH. 

5.5 I S F E T S C O A T E D W I T H L A N G M U I R - B L O D G E T T F I L M S 

I n order to develop a potassium sensor, the next step was the deposition of 

Langmuir-Blodgett films containing the ionophore onto the gate surface of the 

ISFET. 

5.5.1 P u r e V c d i n o m y c i n films 

Firstly, pure L B films of vaHnomycin were investigated. In order for pure films 

to be deposited onto a substrate, the substrate first of all needed coating wi th a 

few layers of cadmium stearate (this deposition procedure is described more fu l ly 

i n chapter 6). Although i t could not be proved experimentally, i t was assumed 
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Figure 5.11 The K"*" response of an ISFET device before and after the deposition of an 

L B film of pure valinomycin. The film was 50 monolayers in thickness and 

K + was varied at 0.1 M L i C l . 



that either one (for one deposition cycle) or three (for two cycles) monolayers of 

cadmium stearate were transferred to the Si3N4 gate surface (under the assump

t ion that the silanol groups form a hydrophilic surface). For films greater than 

20 monolayers thick, reproducibility of the deposition could be checked by using 

transmission I R spectroscopy. 

The experimental procedure adopted to determine the K"^ response of these 

films was as follows: firstly, the K"*" response of the bare Si3N4 surface was de

termined; secondly, the response wi th the cadmium stearate base layer; thirdly, 

w i t h the L B film of pure valinomycin and finally that of the bare gate surface 

again (after removal of the films wi th chloroform). The responses for a typical 

device coated w i t h 50 monolayers of valinomycin are illustrated in figure 5.11. 

No significant differences are apparent. AU curves exhibit the shift in threshold 

voltage between 10~^ M and 10"-^ M potassium concentrations (associated wi th 

the change in tota l ion concentration) but below 10"^ M , where the affect of the 

valinomycin should be evident, no response to potassium ions is observed. There 

is also no change in K"*" (relative to that of the Si3N4 surface) as a function of the 

number of monolayers of valinomycin deposited or as a function of the thickness 

of the cadmium stearate base layer. Furthermore, the threshold voltage did not 

shift when an L B film was deposited. 

A number of explanations are possible. Firstly, loss of material into the elec

trolyte must be considered. This cannot be checked for multilayers which have 

been directly deposited onto the ISFET and are less than 20 monolayers in thick

ness. However, the results of experiments concerned wi th immersing an A T R crys

ta l coated w i t h less than 5 monolayers into aqueous potassium solutions suggests 

no material loss. Also transmission I R spectroscopy performed on the 50 layer 

samples deposited onto the ISFET indicated only a 5% loss of material during 

the pH scanning ( 1 hour). Therefore loss of material as the cause can be elim

inated. However, the results of attenuated total reflection IR studies performed 

on L B films of pure valinomycin (described in detail in chapter 7) suggest that 
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these films do not complex wi th potassium ions. This implies that an equilibrium 

potential due to complexation wi l l not be observed across a pure valinomycin film, 

and therefore this is a possible explanation for the lack of a K"*" response f rom the 

ISFET measurements. 

5.5.2 A r a c h i d i c ac id /va l inomycin films 

The effect on the K^-response of depositing mixed L B films of arachidic acid 

and valinomycin onto the ISFET gate surface was also investigated. The depo

sition conditions for the mixed films are outHned in detail in Chapter 6. The 

experimental procedure used to evaluate the K"^-response of these films is exactly 

the same as that described in section 5.5.1 for the pure valinomycin films. 

The responses for a typical device coated wi th 50 monolayers of a 10:1 (molar) 

L B film are illustrated in figure 5.12. Again no significant differences are observed. 

There is also no change as a function of the mole-fraction of valinomycin in the 

mixed films. 

Loss of material into the electrolyte was considered but again this theory 

was rejected on the evidence obtained f rom transmission I R spectroscopic studies. 

However, the results obtained f rom a detailed study of the interaction of mixed 

L B films w i t h potassium containing solutions (presented in Chapter 7) suggest a 

possible explanation for the lack of response. In such films, the formation of the 

valinomycin-K"*" complex occurs, however, its dissociation does not take place. In 

order for a device to exhibit a K"'"-response, an equilibrium potential dependent 

on the potassium ion concentration is necessary. For an equilibrium potential to 

be set up across the L B film both processes, formation and dissociation, need to 

occur. The absence of the latter process in the mixed arachidic acid/vaHnomycin 

system implies that an equilibrium potential wi l l not be generated. Hence, com

plexation of the valinomycin in the L B film wi l l continue unt i l saturation occurs, 

and therefore the device w i l l not exhibit a response that is dependent on the K"*" 

concentration. 
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5.6 S U M M A R Y 

SOS ISFETs have been mounted and encapsulated onto dip-type printed cir

cuit boards for laboratory appraisal. The threshold and output characteristics 

have been presented. The devices, after a preliminary etch in a buffered HF so

lut ion, exhibited a near Nernstian response. A n attempt to eliminate the pH 

response using a site-free plasma polymer was successful. However, subsequent 

problems were encountered w i t h the deposition of L B films onto this surface, which 

meant that the polymer could not be incorporated into the device. The deposi

t ion of a variety of L B films and, in particular, both pure vaUnomycin and mixed 

arachidic acid/valinomycin L B films onto the gate region of the ISFET has been 

demonstrated. Unfortunately, these films do not exhibit a response to potassium 

ions. A possible explanation has been proposed based on the results of IR studies 

presented in chapter 7. 

72 



C H A P T E R 6 

D E P O S I T I O N A N D C H A R A C T E R I S A T I O N O F L B F I L M S 

C O N T A I N I N G V A L I N O M Y C I N : R E S U L T S A N D D I S C U S S I O N 

6.0 I N T R O D U C T I O N 

This chapter concerns the preparation and characterisation of pure vaUno

mycin and valinomycin-containing L B films. Section 6.1 describes studies per

formed on floating Langmuir monolayers of valinomycin, such as their stability; the 

effect of pH and subphase ion concentration; and the special conditions required 

for the successful deposition of valinomycin multilayers. Section 6.2 presents the 

characterisation of these multilayers using various spectroscopic techniques. The 

interaction between mixed valinomycin/arachidic acid L B films and potassium 

ions is discussed in detail in chapter 7, and section 6.3 includes a study of these 

mixtures w i t h a view to using them as potassium sensitive membranes for the 

ISFET application. Section 6.4 concludes the chapter, describing L B films of the 

phospholipid molecule, L-a-phosphatidic acid dipalmitoyl. 

6.1 L A N G M U I R - B L O D G E T T F I L M S O F V A L I N O M Y C I N : 

D E P O S I T I O N 

6.1.1 H - A isotherm for val inomycin 

The H-A isotherm for valinomycin on unbuffered water (i.e. no subphase ions 

present) at pH 5.8 and at a temperature of 21 ± 2°C is shown in figure 6.1. The 

subphase is slightly acidic owing to the carbon dioxide absorbed f rom the atmo

sphere during storage. The isotherm can be divided into three sections labelled 

A , B and C. Region A is analogous to the gaseous phase wi th the valinomycin 

molecules far apart and contributing to very l i t t le pressure development as the 

film is compressed. Region B (up to approximately 2 nm^jis a region of roughly 

constant slope and represents the molecules gradually approaching each other, 
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coming into close contact and forming a condensed monolayer. A t an average 

area of approximately 2 nm^ the H-A isotherm starts to curve towards the pres

sure axis and this corresponds roughly to the hard core area of the uncomplexed 

molecule [4,6] ( i f not a l i t t le greater assuming there is some area lost in packing). 

The plateau region C at a surface pressure of 32.5 m N m~^ extends beyond 2 nm^. 

Provided that the valinomycin film is not compressed into the plateau region, 

the isotherm is highly reproducible (figure 6.1). This demonstrates the great mo

bi l i ty of the valinomycin molecules on the water surface. Also the stable intial and 

final pressures, and the evidence of Uttle hysteresis indicates the water insolubil

i t y of valinomycin. This leads to the formation of highly stable floating Langmuir 

monolayers (see section 6.1.2). 

However, the reproducibility only holds below 2 nm^. For example, i f the 

monolayer is compressed into the plateau region, hysteresis is evident and this 

is illustrated in figure 6.2. A large hysteresis is observed between the first com

pression and the first expansion. The second compression-expansion cycle does 

not follow the first but is shifted to a smaller average area per molecule and also 

exhibits the same degree of hysteresis. Successive compression-expansion cycles 

follow the second cycle but st i l l show a constant hysteresis. A l l compressions and 

expansions were carried out at the same rate of 2 cm^ s~̂  and a time interval of 

a few minutes was allowed between compression and expansion in order for the 

f i l m to stabilise. I t is worth noting that large hysteresis effects are apparent in 

isotherms recorded at high rates of expansion. This arises f rom the fact that such 

an expansion is a non-equilibrium process, that is to say, i f a f i lm is expanded 

rapidly to, and held at a particular area, the surface pressure gradually increases 

unt i l a stable value is attained. To record a true H-A isotherm, expansion and 

compression should take the Langmuir layer through a series of successive states 

of equilibria w i t h l i t t le change in surface pressure being evident when, for exam

ple, a particular area is held. Expansion and compression rates of 2 cm^ s~̂  were 

found to satisfy this condition. 
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Hysteresis effects can also be caused by the dissolution of the material into 

the subphase. However, this is not the case for valinomycin monolayers which 

fo rm highly stable Langmuir films (see section 6.1.2). I t is therefore proposed 

that the large hysteresis effect observed in the compression-expansion isotherms 

of valinomycin is due to an entirely different effect, and is associated wi th the 

formation of aggregates or "islands" in the film. 

When the compression continues into the plateau region i t is beUeved that 

the molecules are sliding on top of each other providing for a large change in area 

w i t h l i t t l e surface pressure change. On expansion the molecules remain associ

ated w i t h each other to fo rm aggregates. These aggregates may be confined to the 

horizontal plane or might be stacked vertically. The aggregates cause a reduction 

in the effective number of "molecules" in contact wi th the water surface. This 

is observed as a shift of the isotherm towards the left i.e. to a smaller average 

area per molecule. On recompression the isotherm Ues between the intial com

pression and expansion indicating that some aggregation is stil l present. The next 

expansion follows the preceding one and f rom this point onwards the expansions 

and compressions are reproducible exhibiting a constant hysteresis. This indicates . 

that aggregates which are retained for most of the expansion dissociate at large 

areas per molecule and then reform on the following compression. 

A comparison of the isotherm illustrated in figure 6.1 wi th other valinomycin 

isotherms reported in the literature is shown in figure 6.3. The isotherms are 

similar i n fo rm but show a large variation concerning the plateau pressure and 

the surface area at which concavity towards the pressure axis commences. I t is 

true that none of the isotherms illustrated in figure 6.3 were performed under 

exactly the same experimental conditions, but the differences (occurring in pH, 

subphase ion concentration) have in this work (see section 6.1.3) been shown to 

have a negligible effect on the U-A isotherm. Therefore no explanation at present 

is available to explain these discrepancies. 

The plateau region C at a surface pressure of 32.5 m N m~^ extends beyond 
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2 nm^ and clearly as this represents an area less than the molecular area of even 

the most compact (complexed) conformation of vaUnomycin, the film is no longer 

monomolecular in nature. The film is now composed of stacks of molecules possi

bly with some of their planes parallel to the water surface and others perpendic

ular to i t . Other workers have compressed their valinomycin films to an average 

molecular area of around 1- 1.5 nm^; only Ries and Swift [1] have continued the 

compression below 1.0 nm^. The work reported here continues the compression 

below 0.5 nm^, and the complete isotherm is illustrated in figure 6.4. A sharp 

rise in surface pressure is obtained characteristic of the solid portion of the clas

sical fatty acid isotherm. Intially, this portion of the vahnomycin isotherm was 

attributed to an impurity in the spreading solution. However, this theory was 

dismissed by preparing solutions made from valinomycin and chloroform obtained 

from different sources (Sigma, Aldrich, Koch and Light, and BDH, respectively). 

Al l isotherms obtained were identical. The "solidus" at 40 mN m"-^ corresponds 

to an average area per molecule of 0.25 nm^. This area is evidently much smaller 

than either that of a plan or a side projection of the molecule, and from this it can 

be concluded that a stacked array of molecules exists in the film. The steep por

tion of the isotherm represents a soHd-like, highly incompressible phase compared 

to the highly compressible phase represented by the plateau region. A possible 

explanation for the onset of this region is as follows, and a schematic diagram 

of a possible molecular re-arrangement is illustrated in figure 6.5. In the plateau 

phase the valinomycin film is "buckling" with either the molecules sUding on top 

of each other or being forced to stand edge on (figure 6.5b) with the plane of the 

molecule perpendicular to the water surface. The film is composed of vertically 

oriented molecules and stacks of horizontally oriented molecules and is shown in 

figure 6.5c. On further compression of the film, the horizontally oriented stacks of 

valinomycin molecules are forced to orient vertically shown schematically in fig

ure 6.5d. This increases the proportion of vertically oriented molecules and at the 

same time contributes to an increase in the film's incompressibility. Eventually 
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most of the molecules become oriented vertically and the incompressibility rises 

sharply. This system of vertically oriented molecules shows a lower compressibiUty 

because "buckling" of this structure (with molecules moving on top of each other) 

is energetically more difficult than for the "buckling" of the horizontally ordered 

system. 

It is interesting to note that the II-A isotherm for valinomycin is similar to the 

pressure-volume relationship (shown as an inset to figure 6.4) of a model system 

of hard spheres where interaction takes place by repulsive forces only. The plateau 

region here represents the sohd fluid transition with the substance separating into 

two distinct phases. These two phases could probably be seen as analogues to the 

horizontally and vertically oriented valinomycin molecules. 

Traditionally, the steep, linear part of the isotherm which represents a sohd 

phase is extrapolated to zero pressure to yield the hmiting area per molecule, 

a^. In the condensed state the film structure changes very little for relatively 

large fluctuations in surface pressure, that is to say, the area per molecule is con

stant and meaningful. For example, a^ values obtained from the near vertical 

isotherms of classical fatty acids and their salts correspond extremely well with 

the molecular areas derived from CPK packing models. For the case of the vali

nomycin isotherm, obtained for the high pressure region C is meaningless as 

the film is not monomolecular in nature. Extrapolation of the intial part of the 

isotherm (region B in figure 6.1) yields a value for a^ of approximately 4.0 nm^. 

However, in this region the area per molecule is varying, indicating that the film 

structure is changing and hence the value is also meaningless. Indeed, it does not 

correspond at all with dimensions of the molecule obtained from X-ray studies 

which suggest an area for the most expanded (uncomplexed) conformation of the 

molecule of only 1.9 nm^. Furthermore, Abraham and Ketterson [2] have repre

sented the n-A isotherm of valinomycin by the two dimensional analogue of the 

ideal gas law modified to incorporate the "hard-core area", a, of valinomycin i.e. 

n (A - a) = kT. They obtained an average value for a of 2.7 nm^, and clearly even 
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this does not fit with the observed X-ray data. The Il-A isotherm of valinomycin 

offers Httle detailed information concerning the orientation of the molecule on the 

water surface. 

6.1.2 Stability 

The rate of dissolution or collapse of a monolayer on the water surface is an 

important parameter in determining whether or not a material will be of any prac

tical use in LB film formation. Ideally, at the deposition surface pressure this rate 

should be zero, but i f i t is not too great deposition is still possible. In some cases 

the parameter can be reduced by carefully optimising the subphase conditions 

and also by a correct choice of the deposition surface pressure. For example, the 

rapid collapse of a stearic acid monolayer can be reduced to approximately zero 

by introducing 2 x 10~* M CdCl2 into the subphase. 

In order to assess the stabiHty of a floating monolayer at particular surface 

pressure and for a set of subphase conditions, the monolayer area as a function of 

time was recorded. Temperature; compression rate to the desired dipping pres

sure; and the period of solvent evaporation were all standardised when recording 

monolayer area decay curves or isotherms. 

For valinomycin monolayers, subphase conditions such as pH and ionic concen

tration had no effect on the area decay curve (and also no effect on the isotherm, 

see section 6.1.3) indicating little interaction between the valinomycin molecules 

and the ions present in the subphase. Figure 6.6 illustrates the monolayer area 

decay curves as a function of surface pressure. Curves (a) and (b) correspond to 

pressures in region B of the isotherm and indicate that extremely stable mono

layers are being formed on the water surface. Therefore these pressures can pro

visionally be deemed suitable for deposition. In contrast, however, curve (c) at 

a surface pressure of 30 mN m~^ shows a dramatic decay in area . Clearly this 

pressure is unsuitable for deposition. At a surface pressure of 30 mN m~^ con

cavity of the isotherm towards the pressure axis has already commenced and it is 
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likely that the processes responsible for collapse at this pressure are the same as 

those occurring in the plateau region described in the previous subsection. 

6.1.3 Effect of pH, and nature and concentration of subphase ions 

Figure 6.7 shows the effect of pH on the isotherm of valinomycin. The pH was 

adjusted using hydrogen chloride and ammonium hydroxide solutions. Within 

experimental error there is no difference between any of the isotherms and it can 

be concluded that there is no interaction between hydrogen ions in the subphase 

and the valinomycin molecules on the water surface. This is consistent with the 

fact that valinomycin shows no selectivity for hydrogen ions. 

Furthermore, no change in the isotherm is observed for buffered subphases 

(unbuffered water with a tris buffer) added at varying pH. Also for subphases 

containing divalent calcium ions (up to 1 M) and monovalent sodium ions (again 

up to 1 M), the isotherms are identical to those on an unbuffered subphase. VaU-

nomycin shows no selectivity for divalent cations and the selectivity coefficient for 

the sodium ion is low. 

Upon complexation with a potassium ion there is a change in the conformation 

of the valinomycin molecule which produces a change in its area from 1.90 nm^ 

(uncomplexed) to 1.50 nm^ (complexed). It might be expected that such a change 

could be observed on a macroscopic scale from the I l -A isotherm. Surprisingly 

such an effect is not observed. The isotherms remain unchanged when potassium 

chloride is introduced into the subphase up to concentrations of 1 M (shown in 

figure 6.8). There is no evidence for the expected 0.40 nm^ per molecule decrease. 

These results are consistent with those published by Abraham and Ketterson [2 

but not with those of Kemp and Wenner [4]. The isotherms obtained by the latter 

workers for 0.2 M and 1 M KCl subphases are illustrated by the dashed fines of 

figure 6.8. For the 1 M KCl subphase, the plateau region occurs at a reduced 

surface pressure of about 22 mN m ~ \ and as the subphase K ^ concentration was 

increased further the plateau pressure decreased further. None of these features 
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were observed in the work reported in this thesis and an explanation for the 

differing results, in particular, the premature pressure saturation of the isotherm, 

is not forthcoming. However, it is worth noting that the results described here and 

those of Abraham and Ketterson are consistent with the infrared spectroscopic 

measurements performed on pure valinomycin films outhned in chapter 7. 

6.1.4 Deposition of vaJinomycin: monolayer and multilayer 

formation 

Having assessed the stability of the vahnomycin monolayers on the water 

surface over a range of surface pressures, deposition could be attempted. A provi

sional deposition pressure of 23 mN m~-̂  was selected. Single-crystal silicon and 

quartz were used as substrates. Transfer ratios in the range 0- 0.1 indicating poor 

pick-up were obtained for valinomycin deposited onto hydrophobic substrates. 

Multilayer formation was therefore not attempted. Preliminary attempts to de

posit multilayers of valinomycin onto hydrophiHc substrates failed, because on 

each insertion into the subphase the monolayer that was deposited on the pre

ceding withdrawl peeled off. Only a monolayer could therefore be deposited onto 

such substrates; deposition occurring only on the first withdrawl. The deposition 

ratio was approximately unity. Monolayers deposited in this way are of some 

interest. For example, i f deposited onto a silicon ATR crystal, IR spectroscopy 

can reveal information concerning the interactions between the monolayer and 

the substrate. These interactions are important because they are the basis for a 

multilayer structure. The fact that material transferred on the upstroke of the 

deposition cycle rejoined the floating layer on the succeeding downstroke was clear 

from two pieces of evidence. Firstly, the record of surface pressure against time 

(shown in figure 6.9) exhibited an increase during every upstroke indicating that 

material was peeling off the substrate. Secondly, IR spectroscopy performed af

ter every deposition cycle revealed valinomycin IR band intensities of the same 

magnitude as those expected for a single monolayer. 
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However, multilayer deposition was possible if the substrate was first coated 

with a few fatty acid layers. Using this technique, it was possible to obtain depo

sition onto both hydrophilic and hydrophobic silicon wafers, and also onto quartz. 

Multilayer deposition was obtained using base layers of stearic acid, tricosenoic 

acid or their cadmium salts. Stearic acid and tricosenoic acid were both deposited 

at a surface pressure of 30 mN m~^ (unbuffered subphase) and their cadmium 

salts were deposited at the same pressure but using a subphase at pH 6.0 and a 

cadmium ion concentration of 2 x 10"'* M. Valinomycin multilayers could subse

quently be deposited onto this base layer at a pressure of 23 mN m ~ \ the first 

layer being transferred at a substrate speed of 4 mm min~^ and subsequent layers 

at 9 mm min~^. Y-type deposition was obtained with all types of base layer. The 

deposition ratios were 1.0 ± 0.1. In most cases the valinomycin was transferred 

onto a hydrophobic silicon wafer which had been coated previously with four lay

ers of the fatty acid; thus the ionophore was deposited onto the alkyl chain surface 

of the base layer. However, Y-type deposition has also been obtained by trans

ferring monolayers of valinomycin onto the carboxyUc head groups of the fatty 

acid. To accompHsh this, the hydrophobic silicon substrate was left submerged 

after being coated with three layers of the fatty acid; the fatty acid monolayer was 

then removed from the water surface and replaced by the valinomycin. The sub

strate was then finally withdrawn through the compressed layer. Hsu and Chan 

[8] have suggested, from the results of nuclear magnetic resonance studies, that 

valinomycin can interact with both the polar and the hydrophobic (non-polar) 

regions of certain phospholipids. These effects may well be of significance for the 

successful LB film deposition of the ionophore. 
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stretching and NH bending modes. By plotting relative band intensities (measured 

by peak heights) versus number of layers, an indication of the reproducibihty of 

the Y-type deposition can be obtained. This is shown in figure 6.11 for two bands, 

the amide I band and a CH stretching band (not shown in figure 6.10) at 2870 

cm""-̂ . Good reproducibility up to 60 layers is suggested. 

6.2.2 UV spectrophotometry 

By depositing a two-step (2.0 cm per step) multilayer structure on Spectrosil 

quartz slides with three monolayers of cadmium stearate, the UV absorption spec

trum of multilayers of vahnomycin could be obtained; 20/30, 40/50, and 60/80 

layer structures of vaHnomycin were deposited. The bulk spectrum of vahnomycin 

(not shown) reveals a shoulder at 215 nm. In the LB film UV spectra of up to 

80 layers (the 50 layer spectrum is shown in figure 6.12a) this feature is not eas

ily discernible. The optical density at a wavelength of 215 nm versus number of 

layers is shown in figure 6.12b. These data imply reproducibility up to 60 layers; 

however at 80 layers there is a marked reduction from the expected absorption. 

6.2.3 Ellipsometry 

Detailed ellipsometric measurements were made in order to ascertain the thick

ness of the valinomycin films. The measurements were performed for different 

numbers of vaUnomycin layers deposited onto hydrophobic sihcon that had been 

previously coated with four layers of cadmium stearate. The data were taken at 

a wavelength of 632.8 nm where the ionophore could be considered to be non-

absorbing. Preliminary results indicated that the thickness of the multilayers 

varied from one end of the substrate to the other in the direction of dipping. 

Therefore it was decided to investigate this thickness distribution by taking mea

surements at 5 mm intervals along the length of a 2 cm substrate. The experiment 

was conducted in the following manner: first, the optical constants of the sihcon 

plus base layer were recorded; 20 layers of vaHnomycin were then deposited, and 
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the ellipsometry measurements retaken; another 20 layers of valinomycin were de

posited and the experiment was repeated. In this manner a total film thickness 

of 60 layers was investigated. 

The results of this study are presented in figure 6.13, the substrate configura

tion is also shown. At a particular y-coordinate (along the dipping direction), it is 

apparent that the thickness scales linearly, indicating good reproducibility. How

ever, as the y-coordinate changes, the thickness per monolayer varies from 0.66 

nm to 0.40 nm in a monotonic fashion. The thickest part of the film is obtained 

at the top end of the substrate. In contrast, results obtained in the x-direction 

show that the film thickness is highly uniform. 

The precise origin of the thickness profile effect is unknown. The ellipsometric 

values indicate that the disc-shaped valinomycin molecules are being transferred 

with their large-area faces parallel to the surface [ l ] . It is of interest to note 

that the thickest area of the film (i.e. near the top of the substrate) is that 

which has been in the subphase for the least time during the deposition. The 

transferred valinomycin layer may well be reorganising (or even being removed 

from the substrate) while under water, but it is difficult to visualise processes of 

this nature that would lead to the thickness profile and reproducibility that is 

observed. The UV experiment probed a relatively large area (compared to that 

in the ellipsometry and IR experiments) and therefore does not generally show 

the thickness profile effect. In the case of the IR studies, the profile effect is 

not observed because the ATR crystal was coated in such a way that a constant 

y-coordinate on the substrate was addressed during the measurement. 

6.3 M I X E D L B FILMS OF VALINOMYCIN AND ARACHIDIC ACID 

The mixed system of valinomycin and arachidic acid can be treated as a 

simple model for the biological membrane. LB films of valinomycin/arachidic acid 

mixtures were investigated with the aim of utilising these films as the ion-selective 

membranes for ISFETs. 
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6.3.1 Isotherms and deposition conditions 

LB films of the mixtures were spread from a chloroform solution containing 

both components. The mixed solution was prepared from individual solutions of 

the two components, and in this way, mixtures over a range of mole-fractions could 

be prepared. The isotherm for an equimolar mixture at a temperature of 20°C on 

an unbuffered subphase, and recorded at a compression rate of 2 cm^ s~̂  is shown 

in figure 6.14. The isotherm is similar to that of pure vahnomycin. This is to be 

expected because although the mixture is equimolar, in terms of film area occupied 

by each component, the valinomycin molecules dominate. This is because they 

have a larger molecular area (approx. 1.9 nm^) compared to the smaller arachidic 

acid molecules (approx. 0.20 nm^). However, in this case the steep portion of the 

isotherm extrapolates to an area of 0.20 nm^. This corresponds approximately 

to the projected molecular area of an arachidic acid molecule. Hence it can be 

conclude that, at high surface pressures, the valinomycin is squeezed out of the 

film, with only acid molecules contacting the water surface. The vaHnomycin 

might lie above or below the arachidic acid monolayer possibly interleaved with 

water molecules. It is interesting to note that if deposition is attempted in this 

high pressure region a pure arachidic acid film is the result. IR spectroscopy 

of such deposited films reveals no valinomycin component. Presumably with the 

valinomycin not forming an integral part of the film it is free to re-join the floating 

layer on each deposition cycle. 

By varying the mole-fraction of arachidic acid in the mixture, the average 

area per molecule (at a selected surface pressure) can be plotted as a function of 

mole-fraction. This type of plot gives an insight into how the two components 

are mixing. Such a plot for two selected surface pressures is shown in figure 6.15. 

The straight Hnes are the theoretical areas versus mole-fraction (and are calcu

lated based on a simple addition of the total area components of both molecules 

and using the average area per molecule in the pure films at the specific surface 

pressure). For both surface pressures the experimental data fit well. I t appears 
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therefore that the mixed system is behaving ideally and there is httle observed 

expansion or contraction of the film over the entire mole-fraction range. This 

is in marked contrast to the considerable condensation eflPects observed by Hies 

and Swift [ l] for their valinomycin/stearic acid and valinomycin/cholesterol mix

tures. Their experimental isotherms were markedly displaced to smaller areas 

per molecule relative to a theoretically calculated average isotherm. The inter

pretation was of an interaction between the hydroxy group of cholesterol (or the 

carbonyl oxygen of stearic acid) with the polar inner ring of valinomycin with sta

bilisation taking place through hydrogen bonding. I f these groups are drawn into 

the polar ring a condensation effect would be produced. No such eflfects can be 

inferred from figure 6.15, and it can be concluded that vahnomycin and arachidic 

acid probably do not form miscible monolayers at the air-water interface. In

stead, the film probably consists of aggregates or "islands" of each component. 

The mixed system of aggregates gives the theoretical molecular area since each 

aggregate is itself ideal. The system can simply be thought of as consisting of 

fewer molecules ("islands") with a larger area per molecule ("island"). 

The aggregate nature is revealed if a molecular property of the film, such as 

the compressibility, is considered. Compressibihties for the mixtures studied in 

figure 6.15 have been calculated and are plotted as a function of mole-fraction 

in figure 6.16. The compressibility for each mixture has been calculated using 

the constant slope region of the isotherm between the surface pressures of 22.5 

mN m~^ and 10 mN m ~ ^ The compressibihty, K, was defined as 

( A £ _ ^ N - m 
AoFi 

where A i is the molecular area at pressure Fi = 22.5 mN m~^ and Aq is the 

extrapolated area at zero surface pressure, defined by the slope of the line between 

the two surface pressures. From figure 6.16, it is clear that for mole-fractions 

less than 0.8 the mixed film has a compressibility essentially equal to that of a 

pure valinomycin film indicating that the vahnomycin component is dominating 
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the properties of the film. For mole-fractions greater than 0.8, the effect of the 

arachidic acid is observable, and this mole-fraction coincides with each component 

occupying approximately equal areas within the film. 

Reproducible Y-type deposition of the mixtures was obtained onto a variety of 

substrates. The reproducibility was enhanced (especially for mixtures of low mole-

fraction) if a base layer of fatty acid (similar to that required for the successful 

deposition of pure valinomycin multilayers) was first of all deposited. Presumably 

for the low mole-fraction mixtures, this base layer helps to anchor the valinomycin 

component of the film. 

6.3.2 X-ray structure analysis of L B films of mixtures of 

arachidic acid and valinomycin 

Sixty layer LB film samples of mixtures of arachidic acid and valinomycin were 

deposited onto 1 cm^ hydrophobic silicon substrates and subsequently analysed 

using small-angle X-ray diffraction. The intensity curves are shown in figure 

6.17. The non-Bragg maximum at 26 = 0.6° is associated with the edge of total 

reflection of the X-rays from the surface. The maxima for all samples are identical 

and coincide at the same angle of 29. The first three orders of diffraction are 

shown. For pure arachidic acid (curve 1) the Bragg reflections are sharp. However, 

as the proportion of valinomycin in the mixed film increases (curves 2 to 4) the 

peaks become smoother and smoother. At the same time the reflections are shifted 

to smaller angles. The pure valinomycin film (curve 5) exhibits no diffraction 

peaks. The d-spacings were calculated from the Bragg equation 2dsm9 — nA were 

26 is the scattering angle, n is the order of reflection and A = 0.154 nm. The long 

range order parameter is Rc = ( A S ) ~ \ where A 5 = 2M\~^ and is the width 

of the reflection at half maximum height. 

The pure vaUnomycin film produced no Bragg reflections of the order (001) 

indicating that there is no ordering from layer to layer. Given that the deposition 

ratio for this film was 1.0 ± 0.1 and that the ellipsometric measurements indicate 
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that the valinomycin molecules are depositing with their planes parallel to the 

substrate, the lack of a diffraction pattern is surprising. A possible interpretation 

is that shortly after deposition the film reorganises, possibly due to the formation 

of aggregates or crystallites, and consequently the regular LB layer structure is 

lost. The first report in the literature of the lack of a layer structure in a LB film 

was by Tredgold et al [9]. They proposed the explanation above to account for the 

absence of Bragg reflections in their X-ray diffraction patterns of the Ag(II) and 

Au(II I ) complexes of mesoporphyrin IX dimethyl ester. More recently Petty et al 

10] have described similar results for the material ytterbium bisphthalocyanine. 

I t is interesting to note that all these molecules are macrocyclic in nature. 

From the intensity curves in figure 6.17, the d-spacing, D, and Rc for each 

of the mixed LB films have been calculated and are shown in Table 6.18. From 

the table, two trends with increasing valinomycin content of the mixed film are 

apparent, and these are illustrated in figures 6.19 a and b. Firstly, an increase 

in the d-spacing i.e. an increase in the multilayer period (this can be deduced 

from the shift of the reflections to smaller angles), and secondly, a decrease in the 

parameter Rc (this can be deduced from the fact that the peaks are becoming 

broader). As the valinomycin content increases, the film is approximating more 

closely to a pure vaUnomycin film which exhibits no order. Hence the decrease in 

Rc can be immediately interpreted as due to the increasing presence of valinomycin 

reducing the order in the film. 

The reason for the increasing multilayer period is less obvious but might be 

related to the tilting of the arachidic acid molecules. The chain length of an 

arachidic acid molecule, determined from a CPK molecular model, is approxi

mately 2.8 nm. The d-spacing of the pure arachidic LB films is 4.6 nm and this is 

sUghtly less than twice the molecular chain length. This indicates that bilayers, 

characteristic of a Y-type film, are present. However, the molecules are tilted at a 

angle, 9, to the substrate normal, and the structure is illustrated in figure 6.19c. 

The angle, 9, can be calculated by using simple geometry and is found to be equal 
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to 34°. The origin of this tilting effect is not fully understood, but is possibly 

related to the hydrodynamic forces exerted by the meniscus on the amphiphilic 

arachidic acid molecules [11]. 

The valinomycin molecule can be thought of as a disc, with an area of 2.0 nm^ 

and a thickness of 0.5 nm, whereas the arachidic acid molecule projects an area of 

only 0.2 nm^ and has a chain length of 2.8 nm. Considering these differences in 

shape and molecular dimensions, it is difficult to envisage how the two molecules 

would be arranged in and LB film, and how successive monolayers would be co

ordinated with each other. The d-spacing for the 100:1 (molar) mixture is the 

same as that for the pure arachidic acid LB films indicating that the fatty acid 

molecules (possibly in the form of aggregates) are still tilted in the mixed film. 

However, referring to figure 6.19b, the reduced Rc value indicates that this film is 

more disordered because of the presence of the valinomycin. The 10:1 mixed film 

exhibits an increase in d-spacing and this can possibly be interpreted in terms of 

a smaller angle of t i l t for the arachidic acid molecules ( a d-spacing of 4.9 nm 

corresponds to an angle 6 = 29°). For this mixed system, the molecular compo

nents occupy roughly equal areas in the film. The hydrodynamic forces acting 

on the arachidic acid molecules will be different from those during deposition of 

the pure film, because of the presence of the ionophore, which does not possess 

the amphiphilic nature of the fatty acid. Therefore, i t is likely that the arachidic 

acid molecules will be constrained by the valinomycin molecules to adopt a dif

ferent t i l t angle. In the 1:1 mixed film, the vaUnomycin molecules now occupy an 

area ten times that of the fatty acid molecules. The d-spacing of 5.9 nm cannot 

be attributed to tilt ing because i t represents more than twice the chain length 

of the arachidic acid molecule. At present, the only interpretation is that there 

are regions of the LB film consisting of arachidic acid bilayers interleaved with 

valinomycin molecules. 
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6.3.3 Reflection high energy electron diffraction 

In this RHEED investigation, the LB films were deposited onto hydropho

bic siUcon wafers of the {100} orientation. Examinations were undertaken with 

the electron beam perpendicular to the direction of dipping. For reference, the 

RHEED diffraction patterns from LB films of pure valinomycin and pure arachidic 

acid are also included in this section. The quality of a diffraction pattern deteri

orates as the film thickness increases because of an accumulation of charge, and 

therefore an optimum thickness of six monolayers was adopted for these investi

gations. 

Figure 6.20a illustrates the diffraction pattern from a pure arachidic acid LB 

film consisting of six monolayers. The rows of diff'raction spots are typically tilted 

at ~ 30° with respect to the shadow edge, indicating that the hydrocarbon chains 

are inclined at a similar angle to the substrate normal. The reflection pattern 

consists of two rows of spots, inclined at the same angle, but in an opposite sense, 

to the substrate normal. From this it can be concluded that the structure is 

composed of grains in which the molecular chains are all^inchned at an angle 

of about 30° to the substrate normal, but the sense of this tilt (either upwards 

or downwards from the substrate normal, with respect to the dipping direction) 

varies from grain to grain throughout the film. This type of structure has also 

been reported in the literature for thin LB films of a;-tricosenoic acid deposited 

onto sihcon substrates [12 . 

Figure 6.20b shows the diffraction pattern obtained from six monolayers of a 

pure vaUnomycin LB film. The diffuse pattern of figure 6.20b indicates that there 

is no crystalhne order and the structure can be described as amorphous. Thus the 

RHEED data is consistent with the low-angle X-ray data described earher, which 

showed no diffraction peaks and hence no order. Finally, the RHEED pattern for 

six layers of an 11.75:1 (M) arachidic acid/valinomycin LB film is illustrated in 

figure 6.20c. The pattern is now characterised by blurred arcs of intensity. The 

spot pattern (characteristic of order within the arachidic acid film) is now less 
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(a) 

(b) 

Figure 6.20 RHEED patterns from six layer LB films of (a) pure arachidic acid, (b) pure 
valinomycin and (c) an 11.75:1 molar arachidic acid/valinomycin mixture, 
all on hydrophobic silicon and with the electron beam perpendicular to the 
dipping direction. 



discernible. The arcs of intensity indicate that the arachidic acid component of 

the film is still ordered within each grain, that is, with the chains tilted at about 

~ 30° to the substrate normal. However, the azimuthal direction of this tilt is now 

random, and varies from grain to grain. The diffuseness of the arcs of intensity 

arises from the presence of the valinomycin. 

6.4 D E P O S I T I O N AND C H A R A C T E R I S A T I O N OF LB FILMS OF 

L-a-PHOSPHATIDIC ACID D I P A L M I T O Y L 

6.4.1 Deposition 

Due to the inordinate difficulties in preparing multilayer LB films of the phos-

phohpid molecules DPPE and DPPC (see chapter 7), deposition of the phospho

lipid L-Q-phosphatidic acid dipalmitoyl (DPPA) was attempted. The unsuitabihty 

of DPPE and DPPC for LB film deposition was attributed to their bulky head 

groups and it was decided to attempt the deposition of DPPA because it is the 

simplest of the phospholipid molecules having the smallest head group. The mo

tivation for forming LB multilayers of DPPA was to then proceed and prepare 

mixed LB films of DPPA and valinomycin. This system represents a simple arti

ficial biological membrane. 

Figure 6.21 shows the pressure-area isotherm obtained for the DPPA at a 

temperature of 20°C and a compression rate of 3 cm^ s"-̂ ; the molecular struc

ture and schematic diagram of the molecule are shown as an inset. The subphase 

was buffered to pH 6.4 and contained calcium acetate at a concentration of ap

proximately 2 X 10~* M . Addition of calcium acetate to the subphase causes the 

calcium salt of DPPA to form at the water surface. It has been recently reported 

13] that calcium ions induce the DPPA to form a very highly ordered, close-packed 

phase and this fact is emphasised by the steepness of the isotherm. Extrapolation 

of the condensed phase to zero pressure yields an average area per molecule of 

0.42 ± 0.02 nm^. This agrees well with a calculated projected area from a CPK 

packing model (shown in Plate 6.22) of 0.38 ± 0.04 n m l 
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Plate 6.22 A CPK packing model of L-a-phosphatidic acid dipalmitoyl (DPPA) showing 

the two hydrocarbon chains and the phosphate head group. 
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Deposition of DPPA onto hydrophilic surfaces was possible although it exhib

ited a poor transfer ratio of less than 0.3. However, excellent Y-type deposition 

was obtained onto hydrophobic silicon surfaces with a transfer ratio of approxi

mately unity. Deposition was possible at a range of surface pressures with little 

change in the transfer ratio. However, considering the ultimate aim of preparing 

a mixed DPPA/vaHnomycin film, a deposition surface pressure of 23 mN m~^ (to 

coincide with that of pure valinomycin) was selected. 

6.4.2 Characterisation 

The ATR-IR spectrum of 16 layers of DPPA in the wavenumber range 1100 

to 3000 cm~^ is presented in figure 6.23. The assignment of the absorption bands 

are described below. The bands at 2915 cm~^ and 2850 cm"-^ are readily assigned 

to the antisymmetric and symmetric CH stretching vibrations, respectively. The 

band at 2955 cm~^ is associated with the antisymmetric stretch of the methyl 

group and the C = 0 stretching vibration is evident at 1734 cm~^ The CH2 

scissoring mode (^(CHajband) is observed at 1468 cm~^. Finally, the band 1180 

cm~^ may be assigned to a v(PO) vibration of the PO^" phospholipid (salt) head 

group [14]. 

Characterisation of the multilayer DPPA films has been carried out using 

transmission IR spectroscopy and ellipsometry. Band intensities (measured by 

peak heights) as a function of film thickness for wavenumbers of 1734 cm~\ 2850 

cm~^ and 2915 cm"-^ are plotted in figure 6.24. Reproducible deposition is in

ferred. Also, the results of ellipsometric measurements (shown in figure 6.25) at a 

wavelength of 632.8 nm indicate high quality deposition. The slope of this graph 

gives an average thickness per monolayer of 2.7 nm. This values agrees with that 

taken from a CPK packing model of DPPA and i t can be inferred that the CH2 

chains are oriented normal to the substrate surface. The large (absolute) intensi

ties of the i/a(CH2) and i/s(CH2) bands also support such an arrangement because 

ATR is sensitive to transition dipoles which are parallel to the substrate. For 
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normal orientation of the hydrocarbon chains, the CH2 transition dipoles are also 

parallel to the substrate [15 . 

6.4,3 Deposition of the mixed DPPA/valinomycin system 

Figure 6.26 shows the pressure versus area isotherm, measured at 21 ± 2°C 

and a compression rate of 3 cm s~̂  for a 1:1 molar mixture of DPPA and valino-

mycin. The plateau region observed at 32 mN m~^ corresponds to that observed 

for pure valinomycin monolayers.The floating monolayer mixtures could readily 

be transferred to the hydrophobic sihcon ATR crystal at a surface pressure of 

23 mN m"-^; the deposition was Y-type and a transfer ratio of approximately 1.0 

was obtained. 

6.5 S U M M A R Y 

The preparation and characterisation of pure valinomycin and valinomycin-

containing LB films have been described. The valinomycin isotherm is unusual in 

that i t exhibits a plateau region separating a highly incompressible phase from a 

compressible phase. I t is proposed that during compression through the plateau 

region the orientation of the majority of the valinomycin molecules is changing 

with their planes becoming perpendicular to, rather than parallel to, the water 

surface. The formation of multilayers of the pure ionophore is only possible if 

the substrate is intially coated with a base layer of a fatty acid or a fatty acid 

salt. In this case deposition of valinomycin proceeds in a Y-type fashion and is 

reproducible. Deposition onto both the hydrocarbon chain and the carboxylic 

head group is possible. 

Mixtures of the ionophore and arachidic acid have also been investigated. It is 

apparent from monolayer studies of these mixtures on water that the two compo

nents are immiscible, with the film exhibiting an aggregate nature. Reproducible 

Y-type deposition of the mixtures is possible onto a variety of substrates. X-ray 

analysis of the films suggests that as the mole-fraction of valinomycin increases 
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the d-spacing increases and, at the same time, the long range order in the film 

decreases. I t is likely that the arachidic acid hydrocarbon chains are tilted at an 

angle to the substrate. 

Excellent deposition characteristics for the phosphohpid molecule L-a-phosph-

atidic acid dipalmitoyl are described. This makes possible the fabrication of LB 

multilayers of the mixed valinomycin/DPPA system. Both this phosphohpid based 

system and the arachidic acid/ valinomycin system represent simple models for 

the biological membrane. The interaction of these model systems with potassium-

containing solutions is described in detail in the next chapter. 
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C H A P T E R 7 

I N F R A R E D I N V E S T I G A T I O N S O F 

V A L I N O M Y C I N - C O N T A I N I N G L B F I L M S 

7.0 I N T R O D U C T I O N 

I t has already been shown in chapter 6 that valinomycin may be deposited as 

either a pure material or in a mixture with a fatty acid using the LB technique. 

This chapter describes the results of experiments concerned with the exposure 

of these films to an aqueous environment containing potassium ions. A study of 

the interaction between valinomycin-containing LB films and potassium solutions 

might well provide an insight into the behaviour of the ionophore in this artifi

cially engineered environment, and also be of relevance to potassium-ion sensing 

appUcations. Fourier transform attenuated total reflection (ATR) infrared spec

troscopy [1] was chosen as the probe for these investigations because it has the 

extremely high sensitivity required to study ultra thin films [2], and also because 

the valinomycin potassium (VM/K''") complex has already been well characterised 

by IR techniques [3-6]. Section 7.1 presents the ATR-IR spectra for cast films of 

uncomplexed and complexed vaUnomycin and the band assignments are described. 

Section 7.2 discusses the spectra of LB films of valinomycin dipped on both pure 

water and potassium chloride subphases. The spectra of mixed LB films of vali

nomycin and arachidic acid dipped on both pure water and potassium chloride 

subphases are presented, and the differences discussed, in section 7.3. With the 

potassium sensing application in mind, section 7.4 includes a description of the 

observation of complexation and the structural changes occurring in the mixed 

films when they are exposed to potassium containing solutions. Finally, sections 

7.5 and 7.6 conclude the chapter with a description of the eff'ects observed in 

various mixed phospholipid/ionophore systems. 

95 



7.1 C A S T F I L M S O F V A L I N O M Y C I N : U N C O M P L E X E D 

A N D C O M P L E X E D 

7.1.1 The valinomycin I R spectrum 

The complete IR spectrum of valinomycin is shown in Figure 7.1. A broad 

band centred at 3300 cm~-̂  wavenumber can be assigned to an NH stretching 

mode and the CH stretching region is observed between 2800 cm~^ and 3100 

cm~^ . The CH stretching region can be divided into two, those modes associated 

with the isopropyl residues and those with the methyl groups (the two modes are 

labelled in figure 7.1). Below 1800 cm~^ , the CO stretching region is evident. 

The bands in this region are as follows: the ester carbonyl band, u (C=0) at 1755 

cm~^; the amide I band (approximately i/ (C=0)) at 1660 cm"^; the amide I I 

band (a combination of primarily in-plane NH bending and NC stretching) at 1540 

cm~^; the CH bending region consisting of antisymmetric and symmetric modes at 

1470 cm~^ and 1390 cm~^; respectively; and the amide I I I band (a combination 

of primarily NC stretching and in-plane NH bending) at 1246cm~^. Finally, a 

z^(COC) stretching band at 1183 cm~^(not shown in figure 7.1) is illustrated in 

figure 7.2. 

First of all it was necessary to determine the characteristic changes in the 

IR spectrum of valinomycin upon complexation. This information would enable 

the valinomycin complex to be identified in the ATR-IR spectra of LB films of 

pure valinomycin and in arachidic acid/valinomycin mixtures. A cast film of 

valinomycin was obtained by depositing valinomycin in an Aristar chloroform 

solution (using a microsyringe) onto the ATR silicon crystal surface. After the 

chloroform had been allowed to evaporate the infra-red spectra could be obtained. 

Similarly, a cast film of complexed valinomycin was prepared from a valinomycin-

chloroform solution with a small quantity of potassium chloride added. 

The IR spectra of cast films of uncomplexed and complexed vaUnomycin are 

compared in Figure 7.2 (with band assignments shown in Table 7.3). The impor

tant changes upon complexation with potassium are summarised as follows. 
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Band Assignments for Cast Films of Uncomplexed 

and Complexed Valinomycin " 

uncomplexed V M complexed V M 

ester, i / ( C = 0 ) 1754 (29) 1744 (23) 

amide I , i / ( C = 0 ) 1658 (35) 1650 (22) 

amide I I , b(NH,) 1536 (34) 1537 (26) 

b(CH8) 1468 1469 

1448 sh 1454 sh 

b(CH8) 1390 1393 

1372 1372 

amide I I I , i / (CN) 1246 1248 

ester, u{C-0-C) 1183 (29) 1191 (19) 

FuU widths at half-maxima (fwhm) are indicated in parentheses. 

Table 7.3 Band assignments for cast films of uncomplexed and complexed vaJinomycin. 

Full widths at half maximum (fwhm) are indicated in parentheses. 



The ester carbonyl band at 1754 cm~^ is simultaneously narrowed and shifted to 

give a more symmetric band at 1744 cm~^ The narrowing suggests that, in the 

complex, all six ester carbonyls experience a more similar environment; possibly 

due to ion-dipole interactions with the potassium ion. In the uncomplexed vah-

nomycin the presence of a "hydrogen-bonded" ester v{C=0) band is indicated by 

the shoulder at 1739 cm~^ and, in addition, a "free" ester 1/(0=0) band at 1754 

cm""Ms observed. A similar shift and narrowing transforms the amide I band at 

1658 cm~^ into a narrower, more symmetric band at 1650 cm~^. In the com

plex, all six amide groupings are involved in intramolecular hydrogen bonding [7 . 

Again, a more uniform environment for the amide groups is imphed. The amide I I 

band (approximately b(NH2) at 1536 cm~^ is also narrowed; the i/(000) stretch

ing band is both narrowed and shifted upon complexation to a higher frequency. 

The CH3 bending modes are not significantly affected by the formation of the 

complex. 

7.1.2 Collapsed film A T R spectra of valinomycin 

In order to ascertain whether the IR spectrum of vahnomycin from a pure 

water subphase was different to that of a cast film, and to estabhsh whether 

complexation of valinomycin on a K CI subphase occurred, preliminary spectra of 

collapsed films were taken. The valinomycin film was allowed to stabilise on the 

water surface at the deposition pressure of 23 mN m~^ for intervals of between 

one hour and ten minutes. After this time had elapsed, the film was collapsed 

by compressing it to the plateau pressure of 32.5 mN m~^. A collapsed film was 

transferred onto the ATR crystal by skimming it across the water surface. 

The spectra of valinomycin from both pure water and KCl subphases (rang

ing in concentration from 0.05 M to 1.0 M) were identical (in all respects, band 

positions and widths) to those of the cast film spectra described in the previous 

section. From this i t can be concluded that the valinomycin/potassium complex 

is not being formed on the water surface. I t is conceivable that an interaction 
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between the ester carbonyl C = 0 groups and the water molecules prevents their 

co-ordination with the potassium ion, and therefore complexation does not take 

place. 

7.2 L B F I L M S O F P U R E V A L I N O M Y C I N 

7.2.1 Dipped on a pure water subphase 

The ATR spectra of LB films of pure valinomycin are the same as those 

obtained from cast films and collapsed films. In the ATR spectra of up to 100 LB 

layers of pure valinomycin, no significant diff'erences could be identified. 

7.2.2 Dipped on a K C L subphase 

In the ATR spectra of up to 100 monolayers of pure valinomycin dipped on 

potassium containing subphases (with concentrations varying from 0.05 M to 1.0 

M) , no evidence for the VM/K"*" complex was observed. The spectra were identical 

to those obtained for valinomycin LB films on a pure water subphase. Further

more, LB films of valinomycin dipped on a pure water subphase and subsequently 

immersed in a saturated KCl solution also exhibited no signs of complexation. 

These results are again consistent with those obtained for collapsed valinomycin 

films, reinforcing the fact that the VM/K"'" complex is not being formed on the 

water surface. The reason for this is not fully understood at present, but is prob

ably related to the conformation of the valinomycin molecule in these films. The 

conformation of the valinomycin molecule is strongly dependent on its local en

vironment, for example, the various conformers of valinomycin in non-polar and 

polar solvents have already been discussed in chapter 2. The local environment of 

the vaUnomycin molecule in the films described so far in this chapter is unusual, 

i.e. its molecular environment is uniformly "valinomycin-hke". This environment 

is unusual when compared to that experienced by the ionophore in the biological 

membrane and in sensor appUcations. In the former, valinomycin is surrounded 

predominantly by the hydrocarbon chains of the phosphoHpids and, in the latter, 
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the ionophore is trapped in a polymer (PVC/plasticiser) matrix. Furthermore, 

the response of pure valinomycin films to potassium ions has not previously been 

reported in the literature. It is possible that when a valinomycin molecule is sur

rounded by its neighbours intermolecular or intramolecular interactions between 

the polar carbonyl groups inhibit the formation of the complex by preventing 

their coordination with the K"*" ion. To mimic the biological membrane and to 

try to "activate" the vaUnomycin molecule, mixed LB films of arachidic acid and 

the ionophore were prepared. In this system the arachidic acid molecules are 

representing the phospholipid molecules of the natural environment. 

7.3 M I X E D L B F I L M S O F V A L I N O M Y C I N A N D A R A C H I D I C A C I D 

7.3.1 Dipped on a pure water subphase 

Using the deposition technique outlined in chapter 6, Langmuir-Blodgett films 

of arachidic acid/valinomycin ( A / V M ) mixtures were prepared. The ATR spec

trum of a film composed of twenty layers of an 11.75:1 (M) A / V M mixture dipped 

on a pure water subphase is shown in figure 7.4. The contribution from the cad

mium stearate base layer has been subtracted. The spectrum of figure 7.4 reveals 

a few new bands compared to that of figure 7.1 and these are attributed to the 

arachidic acid. In the 3300 cm~^ region (figure 7.4a) the NH stretching band of 

valinomycin is obscured by the OH band of water (originating from ice on the 

CMT detector and because its intensity is continuously varying, it cannot always 

be completely subtracted). The CH2 stretching region is apparent between 3000 

and 2800 cm~^ wavenumbers. This consists of the antisymmetric and symmetric 

modes at 2915 cm~^ and 2848 cm~^, respectively. The CH stretching contribu

tion of the vaUnomycin is hidden under the arachidic acid bands. Below 1800 

cm~^ (figure 7.4b) there are several bands associated with the carboxyUc acid 

head group. The intense band at 1702 cm~^ is the cycUc acid dimer band origi

nating from the hydrogen bond interaction between the polar head groups of the 

arachidic acid (the hydrogen bonding scheme is shown as an inset to figure 7.4a). 
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The bands at 1410 cm~^ and 1300 cm~^ are also due to the acid head group and 

arise f r o m strongly coupled vibrations involving the in-plane OH deformation, and 

the C—0 stretch, respectively. Normally for fa t ty acids, the CH bending mode 

occurring at 1470 cm"-^ appears as a single band. However, in figure 7.4b this 

band is split into two, one at 1471 cm~^ and the other at 1463 cm~-^. This indi

cates that the CH2 subcells of the arachidic acid are packed in an orthorhombic 

scheme. 

Subtraction of the valinomycin spectrum (figure 7.1) f rom that of figure 7.4 

reveals the arachidic acid spectra w i t h no band shifts being prominent. This 

can be interpreted as evidence for Httle interaction between the two molecules in 

the mixed f i lm and emphasises the aggregate nature of the f i lm wi th the fatty 

acid-type molecules closely packed wi th in each aggregate. 

7.3.2 Dipped on a K C l subphase 

I n figure 7.5, the spectrum for an 11.75:1 A / V M L B f i lm dipped on a 0.05 M 

K C l subphase is shown, and for comparison, the spectrum for the same mixture 

dipped on a pure water subphase is also shown. The occurrence of two new 

bands, one at 1742 cm"^ and the other at 1650 cm"'^ indicates the presence of the 

V M / K " ^ complex. These two bands correspond to the ester i / ( C = 0 ) and amide 

I bands of complexed valinomycin, respectively (as shown in figure 7.2). From 

the spectrum i t can also be concluded that both uncomplexed and complexed 

forms of valinomycin are present i n the mixed films. This is inferred from the 

ester i / ( C = 0 ) bands at 1754 cm~^ and 1742 cm~-^, respectively. Thus only a 

fract ion of the valinomycin in the mixed film is i n the complexed form (see section 

7.4.4). A difference spectrum between an 11.75:1 A / V M mixture dipped on a 

0.05 M K C l subphase and the same mixture dipped on a pure water subphase is 

shown in figure 7.6. Comparison of the band positions and half-widths for this 

spectrum w i t h those of complexed valinomycin tabulated in Table 7.3 shows a 

close agreement, indicating that figure 7.6 is, in fact, the spectrum of complexed 
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valinomycin. 

The system of arachidic acid and vahnomycin is a simple model for the bi

ological membrane and i t is encouraging that complexation occurs. The results, 

however, of the last two sections reveal the more fundamental observation that 

the presence of arachidic acid is necessary for complexation to take place in the 

L B film structures. This is possibly related to the hydrophobic environment pro

vided by the arachidic acid. In an 11.75:1 A / V M mixture, the components are 

approximately occupying equal areas in the film and the arachidic acid may serve 

to isolate valinomycin molecules f rom their neighbours. In this way its local envi

ronment changes f rom "valinomycin-like" (cf. pure films of valinomycin described 

previously) to that presented by the hydrocarbon chains of the arachidic acid. 

This change seems to "activate" the valinomycin so that complexation can take 

place. Assuming that the L B film is aggregate in nature then it is also possible 

to explain why all the valinomycin molecules do not complex. The aggregated 

valinomycin regions of the mixed film are identical in nature to the pure film. 

Therefore valinomycin molecules wi th in the aggregate are unable to complex as 

in the pure films. On this basis i t would be expected that as the mole-fraction of 

arachidic acid in the mixed film increases so also would the proportion of com

plexed valinomycin molecules. This follows simply because a greater fraction of 

the ionophoric material wiU be isolated. Indeed, this relationship is found to hold 

both for the mixtures described in this section and the next (section 7.4.4). 

I n view of the potential potassium-sensing apphcation of the mixed films, the 

following section describes the results of experiments concerned wi th immersing 

mixed arachidic acid/valinomycin L B films (in an uncomplexed state) in potas

sium containing solutions. 
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7.4 POTASSIUM SENSING V^ITH L B F I L M S OF ARACHIDIC 

A C I D / V A L I N O M Y C I N M I X T U R E S 

7.4.1 Observation of the VM/K"*" complex 

The effect on immersing mixed arachidic acid/vaUnomycin films in K C l so

lutions WcLS investigated. These films were deliberately dipped on a pure water 

subphase so that the valinomycin component would be in the uncomplexed state, 

and then subsequently immersed in K C l solutions. Using the A T R technique, i t 

was possible to monitor the changes occurring in the LB film as a function of the 

time immersed in K C l . The spectra were recorded in air after the corresponding 

immersion period in K C l had elapsed. Normally a few minutes were required to 

allow the water that had accumulated on the silicon surface to evaporate. In this 

section, all results are for 14 layer L B samples of an 11.75:1 (M) A / V M mixture. 

I n figure 7.7, the effects of a total of 10 minutes immersion in a saturated 

K C l solution on an A / V M L B film are shown. The spectra have been displaced 

vertically to allow for clarity. A thousand scans were recorded for each spectrum, 

lasting a total of 10 minutes. Af te r 10s (spectrum not shown in figure 7.7) the 

spectrum is essentially identical to that of figure 7.5a, and hence the vaJinomycin 

is s t i l l largely in the uncomplexed state. After 1 min (figure 7.7a), however, a 

significant amount of complexation has taken place. This is indicated by the ester 

i / ( C = 0 ) and amide I bands at 1744 cm~^ and 1653 cm~^, respectively. Uncom

plexed valinomycin is evident f rom the shoulder at 1754 cm~^ on the carbonyl 

band. A t 5 min (figure 7.7b) this shoulder is less pronounced indicating that 

more valinomycin has undergone complexation. From these results i t can be con

cluded that mixed A / V M films (prepared in the uncomplexed state by dipping on 

a pure water subphase) undergo complexation when immersed in K C l solutions. 

Hence the potassium ion sensing ability of these films has been demonstrated. 

For a working sensor, dissociation of the VM/K"*" complex is required and this is 

discussed in section 7.4.3. 
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7.4.2 Arachidic acid structural changes 

Referring to figure 7.7, a far more profound change in the spectrum after 1 

min is the decrease in intensity of the cyclic acid dimer band of the arachidic acid 

observed at 1705 cm~^. The intensity reduction increases with immersion time 

and at 10 min (figure 7.7c) a substantial reduction (>50%) is observed. 

To interpret this change correctly, i t is necessary to look at related changes in 

the arachidic acid CH2 stretching bands shown in figure 7.8. This is a difference 

spectrum between the spectra taken before and after a 5 min immersion period in 

K C l solution. I t shows the changes occurring in the arachidic acid structure. Two 

positive features at 2924 cm~-^ and 2856 cm~-^, corresponding to the antisymmetric 

and symmetric CH2 stretching modes of the arachidic acid (there are no CH2 

groups present in vaUnomycin). Since A T R is mainly sensitive to dipole changes 

parallel to the siUcon surface, the increase in i/(CH2) band intensities (both of 

which have there transition dipoles parallel to the surface [8]) can be considered 

to be a result of the acid chains becoming more perpendicular (i.e. dipoles more 

parallel) to the surface. The positive changes observed in this region also indicate 

that material is not disappearing f rom the LB film (into solution). This is based 

on the assumption that there are no major changes in extinction coefficients. I t 

is therefore not possible to account for changes in the 1705 cm"-^ region in terms 

of loss of material. Another explanation might be the conversion of acid to salt, 

however, no bands attributable to the salt RCOO'K"*" (expected at 1555 cm~^) 

[9] are observed i n the spectra. Instead, i t is proposed that the changes in the 

1705 cm~^ band are due to the acid dimers breaking apart, thus leading to the 

formation of monomers or sideways dimers. The evidence for this is illustrated 

in figure 7.7 which shows a relative increase in intensity of the ester carbonyl 

band w i t h respect to the amide I band (cf. relative intensities in a cast film of 

complexed valinomycin, see figure 7.1). This implies the existence of another band 

in the region 1740 - 1750 c m ~ \ possibly associated wi th acid sideways dimers. 

A control experiment for that described above was also undertaken. This 
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involved immersing mixed A / V M L B films in pure water for immersion periods 

of up to 10 mins. No significant changes in the IR spectra were obtained. No 

complexation occurred (as there was no K C l present in the water) and also the 

marked changes in the acid dimer bands were not observed. Thus the changes 

in the arachidic acid band are related to the complexation process. Furthermore, 

the structural changes in the acid band are not reversible, i.e. i f after immersion 

in the saturated K C l solution the film is placed in pure water or a K C l solution 

of a lower concentration, an increase in intensity of the 1705 cm~-^ band does not 

occur. This indicates that the dimers have been permanently disrupted. 

The structural changes detected in the arachidic acid matrix probably reflect 

changes in the molecular position of vahnomycin molecules in the matrix. Recent 

N M R work [10] has shown conclusively that, at least for sonicated phosphohpid 

vesicle-based systems, the valinomycin molecule in the uncomplexed conforma

t ion occupies an average location in a relatively hydrophobic region (in our case 

amongst the hydrocarbon chains). However, upon complexation i t has a tendency 

to move to a more polar (in our case nearer to the acid head groups) region. The 

reason for this is thought [10,11] to be due to the competition for hydrogen bonds 

on the valinomycin and the presence of a charged (K"*") centre. The breaking 

of the intramolecular hydrogen bonding scheme of the complexed conformation 

is believed to be responsible for the release mechanism of the cation. Hence, in 

our model system the following process is envisaged. Intially, the uncomplexed 

molecule is embedded in the hydrocarbon chain environment. The CH2 chains 

are aligned so as to best accommodate the much larger (area- wise) valinomycin 

and i t is hkely that this arrangement wi l l involve some of the chains being at an 

angle to the substrate surface. When the A / V M film is immersed in K C l solution, 

complexation takes place w i t h the conformational reshaping of the ionophore, and 

the molecules subsequently migrate to the more polar acid head groups. This has 

two effects, firstly, the extra space now available to the hydrocarbon chains allows 

them to realign (probably becoming more perpendicular and hence causing the 
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comprises the alkyl chains of the arachidic acid. I n the natural membrane the 

potassium is releeised at an acid head group-solution interface. A n interesting 

experiment to confirm this idea would be to t ry to produce a single bilayer or a 

multilayer w i t h the acid head groups outermost. This could be done in two ways: 

either using the Schaefer technique [12] to transfer the final layer, or using the 

method described by Chapman ei al [13,14] in which a U V polymerisable matrix 

(to replace the arachidic acid) is used wi th the acid head groups of the outermost 

layer being transferred on the final downstroke. 

7.4.4 Effect of mole-fraction of the arachidic acid in the mixed film 

A n attempt to calculate the amount of complexed valinomycin in the mixed 

A / V M films has been carried out for both the films reported in this section and 

those in the previous section. The results presented below are those for the mixed 

films (of section 7.3) dipped on K C l subphases. Calculations based on the A / V M 

films of this section indicate a similar trend for the degree of complexation versus 

mole-fraction but extraction of data f rom the spectra is difficult owing to the 

changing acid dimer band. 

The basis of a semi-quantitative calculation is shown in figure 7.9. The results 

are based on the ester carbonyl band. In figure 7.9a, the i^(C=0) band for the 

uncomplexed film is shown. Figure 7.9b illustrates that for a partially complexed 

film; the band shape is a consequence of the superposition of two features, one due 

to complexed and the other due to uncomplexed valinomycin. The proportion of 

the complex is given by the ratio D / A . The calculation makes two assumptions 

that (a) the extinction coefficient of the complex is the same as that of the free 

valinomycin and (b) the vaHnomycin band shape in the complex is the same as in 

the uncomplexed films. I f either of these assumptions were wrong i t would only 

influence the magnitude of the ratio and not the relative values. Another problem 

that must also be taken into consideration is that of the differing baselines for each 

spectra and consequently baseline-correction of the spectra was employed. Figure 
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7.9c shows a plot of the proportion of complexed valinomycin in the film versus 

the mole fraction of arachidic acid. Although only three data points are shown, 

the trend is obvious, i.e. as the mole-fraction increases so does the proportion 

of complexed valinomycin. This has already been interpreted in section 7.3.2 as 

indicating a greater proportion of "active" valinomycin molecules. 

7.5 M I X E D P H O S P H O L I P I D / V A L I N O M Y C I N LB FILMS 

The mixed systems of arachidic acid and vaHnomycin described so far in this 

chapter are siinple artificial membrane structures. In these structures the vaH-

nomycin/potassium complex was formed but unfortunately dissociation of the 

complex did not occur. Also significant structural changes in the fat ty acid ma

t r i x were apparent. A step closer in modeUing the real biological membrane is 

to replace the fa t ty acid wi th a phospholipid molecule. The properties of mixed 

Langmuir-Blodgett films of a phospholipid and valinomycin are described in the 

rest of this chapter. Infrared investigations of the interaction of these mixtures 

w i t h K C l solutions are discussed and compared to those outlined previously. 

7.5.1 Choice of phospholipid molecule 

Preliminary experiments were performed using the phospholipid molecules L-

a-phosphatidylcholine dipalmitoyl (DPPC) and L-a-phosphatidyl ethanolamine 

dipalmitoyl (DPPE) . Before deposition of the mixed systems was attempted i t was 

important to see i f i t was possible to form good multilayers of the pure material. 

This was necessary because the phospholipid is acting as the matrix molecule for 

the vaUnomycin, and i f i t deposits poorly in the pure form then deposition of the 

mixed systems might not be possible. 

Previous reports [15-19] i n the literature concerning the deposition of these 

molecules vary f rom those claiming reproducibility up to 100 layers to others claim

ing a maximum of only three layers. The isotherms of the two molecules and their 

molecular structures are shown in figure 7.10a and b, respectively. The isotherm 
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of DPPE is much the same as that of the fa t ty acids. The isotherm of DPPC is 

quite unique exhibiting a plateau region at about 5 m N m ~ \ in between the "gas" 

and "soUd" phases. This has been associated wi th a phase change, related to a 

conformational change, as the hydrocarbon chains reorient on the water surface. 

Both molecules exhibit condensed phases and determination of the molecular area 

per molecule at a surface pressure of 40 m N m~^ (well into the condensed phase) 

coincide w i t h areas obtained f rom CPK packing models. The area of the DPPC 

molecule (0.53 ± 0.02 nm^) is larger than that of the DPPE (0.46 ± 0.02 nm^) 

molecule owing to the more bulky phosphate head group of DPPC. Monolayer 

spreading solutions were produced by dissolving DPPC in chloroform, and the 

D P P E in a 4:1 (by volume) mixture of chloroform : methanol. 

On the deposition of the DPPC [15,16], an excellent monolayer could be 

transferred onto a hydrophilic substrate wi th a transfer ratio of about unity . 

However, on the following downstroke, the water meniscus contact angle imme

diately changed direction f rom down to up, and consequently the monolayer was 

completely removed. This demonstrates that the polar head group of DPPC is 

extremely hydrophilic preferring to interact w i th the water molecules (rather than 

itself or the O H groups of the Si substrate). Therefore multilayer deposition was 

found to be impossible. For a hydrophobic substrate, on the first two traver

s a l of the air-water interface, poor deposition was obtained, and on the second 

downstroke, monolayer peeling was observed as described above. 

I n the case of DPPE [16-19], a maximum of three monolayers could be de

posited onto a variety of substrates. However, the deposition was not reproducible. 

Because of the difficulties in preparing simple multilayers of these pure phos

pholipids, another phospholipid was chosen, L-a-phosphatidic acid dipalmitoyl 

(DPPA) . This is the simplest of the phospholipids wi th the smallest head group 

and the molecule plays a key role i n the biosynthesis of most glycerophospholipids. 

I t occurs at a low level ( 1 - 5% of total phospholipids) in many tissues. The depo

sition and characterisation of multilayers of DPPA ( in fact the calcium salt of this 
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acid) has already been described in chapter 6. Excellent results were obtained, 

and hence DPPA was deemed suitable as the phospholipid matrix molecule for 

the mixed phospholipid/valinomycin systems. 

7.6 A T R - I R S P E C T R A OF M I X E D PHOSPHOLIPID/ lONOPHORE 

S Y S T E M S 

The behaviour of the phospholipid/ionophore system on exposure to potas

sium solutions is now described. A l l the potassium sensing experiments described 

in this work were performed using 10-layer L B samples. 

7.6.1 Observation of complexation 

The A T R - I R spectrum for a 10-Iayer 1:1 DPPA/valinomycin LB sample is 

shown in figure 7.11, curve (a). For all the spectra reported, unless otherwise 

stated, the DPPA spectrum has been subtracted f rom that measured, in order to 

reveal the features due to the valinomycin. The prominent peaks in curve (a) at 

1756 cm~^ and 1662 cm~^ correspond to the ester i / ( C = 0 ) band and the amide 

I u{C—0) band, respectively. These bands are approximately those for the cast 

film of valinomycin cf. 1754 cm~^ and 1658 cm~^, respectively. Spectrum (b) 

of figure 7.11 shows the effect of immersing the L B membrane in a solution of 

0.1 M K C l for 10 minutes (the spectrum was measured in air after exposure to 

K C l and, again, the phosphoHpid spectrum has been subtracted). There is l i t t le 

change in position of either of the two main IR bands after 10 minutes in solution. 

However, after a to ta l of 30 minutes exposure (spectrum (c)) a distinct shoulder 

has appeared in the ester band at 1746 cm~-^. This is accompanied by a small 

shift to a lower wavenumber of the amide I band to 1658 c m ~ ^ These effects are 

evidence for the formation of the valinomycin/potassium complex. The amount 

of complexation is small due to the small shift of the amide I band. The small 

absorption at approximately 1724 cm"-^ in spectra (b) and (c) of figure 7.11 could 

possibly be assigned to a perturbation of the ester v{C=0) groups of the DPPA by 
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interaction with, (or rearrangement due to) the vahnomycin/potassium complex. 

I f the LB sample is further immersed in 1.0 M KCl, the complexation is now 

clearly seen. Figure 7.12, spectrum (d), was obtained after 10 minutes in the 

more concentrated potassium solution. The presence of two distinct peaks in the 

ester i/{C=0) region shows that both complexed and uncomplexed vahnomycin 

are present in the film. At this stage it is interesting to note the effect of KCl 

concentration on the rate of valinomycin complexation. From the intensity of the 

band at 1746 cm~^ it is clear that more complexation occurred in 10 min in 1.0 M 

KCl than occurred in a 30 min immersion in 0.1 M KCl, and empirically increasing 

the KCl concentration increases the rate of valinomycin complexation. 

7.6.2 Observation of dissociation 

The final spectrum, curve (e) of figure 7.12, shows the result of a subsequent 

period of 10 minutes immersion in deionised water. The effect is marked, the 

band at 1746 cm~^ has now disappeared and furthermore the amide I band un

dergoes a small shift to a greater wavenumber. From these two pieces of evidence, 

it can be concluded that the potassium complex has dissociated. The only es

ter z/(C=0) band evident is that representing uncomplexed valinomycin at 1753 

cm~-^. The shift is not completely back to 1756 cm"-^ indicating that complexed 

material remains. This result is in contrast to the previous work described on 

valinomycin/arachidic acid mixtures, in which dissociation was not observed. The 

mixed phospholipid/ionophore system is behaving as a real biological membrane 

with both association and dissociation of the complex occurring. The reversibility 

of the mixed system is attributed to the more flexible nature of the phosphohpid 

matrix. I t is suggested that a simple fatty acid or fatty acid salt film will hold 

the valinomycin complex rigidly and thus not allow the dissociation to take place. 

When the potassium selectivity of valinomycin is exploited, the ionophore is cast 

in a polymer matrix that contains a considerable proportion of plasticiser (which 

presumably allows for microscopic flexibility of the matrix). 
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7.6.3 Other mixed phospholipid/valinomycin systems 

Figure 7.13 shows the changing vahnomycin spectra when 10 layers of a 10:1 

DPPA/vaUnomycin mixture is exposed to first of all 0.1 M KCl and then subse

quently to deionised water. Spectrum (a) represents the state of the LB film after 

dipping, and the valinomycin ester u{C=0), and amide I bands are evident. Af

ter 5 minutes immersion in 0.1 M KCl (spectrum (b)), complexation has occurred 

and this is indicated by the appearance of a band at 1747 cm~^. The shoulder 

at 1754 cm~-̂  indicates that uncomplexed material still remains. From this data, 

the eflfect of the mole-fraction of DPPA on the rate of complexation is clear (com

pare figure 7.11, spectrum (b) which represents the 1:1 mixture in 0.1 M KCl for 

10 min). As with the arachidic acid/valinomycin mixtures, increasing the mole 

fraction of the matrix molecule increases the rate of complexation. After 5 min in 

water (spectrum not shown), no decomplexation has occurred. However, after a 

period of 20 min (spectrum (c)) dissociation is now observable with the increase 

in intensity of the 1754 cm""^ band. 

Hence, both association and dissociation of the complex appear to occur in 

both the 10:1 and 1:1 mixed phospholipid/vahnomycin systems. However, it is 

apparent from figures 7.11, 7.12 and 7.13 that the intensities of the ester and the 

amide I bands decrease as the LB membrane is left in either the KCl solution 

or the water, indicating a loss of the ionophore. Furthermore, less of the DPPA 

needs to be subtracted from the measured IR spectra to reveal the valinomycin 

bands. This iraphes the phospholipid is also disappearing from the film. In the 

studies of the arachidic acid/valinomycin mixtures, although structural changes 

in the fatty acid occurred, no loss of material of either component was observed. 

Therefore, in an attempt to prevent the DPPA (and valinomycin) leaving the 

fUm, a three component DP PA/arachidic acid/vahnomycin mixture was prepared. 

The films were deposited at a surface pressure of 23 mN m~^ on a calcium ion 

(Ca^"^) containing subphase, and therefore the film is composed of the Câ "*" salts 

of the fatty acid-type components. 
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Figure 7.14, spectrum (a) is the ATR-IR spectrum for a 10:5:3 DPPA/A/valin-

omycin mixture immediately after dipping. In such a film approximately equal ar

eas are occupied by the "fatty acid-type" molecules and the valinomycin molecules. 

Furthermore, the number of arachidic acid molecules is twice that of the phos

pholipid molecules to take into account their relative molecular areas. After 10 

seconds in 0.1 M KCl (spectrum (b)), the complexation is advanced and easily 

observed from the shift of the ester and amide I bands. After a further 15 min 

(spectrum not shown) no further complexation has taken place. Furthermore, 

there is no loss in intensity of the valinomycin bands as a function of time and 

this is clear evidence that the ionophore is not being lost from the film. How

ever, after 5 min in pure water (spectrum (c)), there is a dramatic loss of both 

components (DPPA and valinomycin). A small amount of dissociation has also 

occurred but this is only fleetingly observed due to the sudden loss in material. 

The intensity of the calcium arachidate band (which has been subtracted from 

figure 7.14) remained constant during both KCl and water immersions indicating 

that no loss of fatty acid material occurred. This is consistent with the results on 

the A / V M mixtures described previously. 

In conclusion, this three component mixed system exhibits complexation and 

dissociation. However, compared to the two component system there is reduced 

dissociation because of the deleterious effect of the addition of the fatty acid 

component. Furthermore, the loss of both DPPA and valinomycin is reduced on 

complexation but both components are substantially lost during the immersion in 

water. The band at 1727 cm~-̂  (which is present in aU the spectra obtained from 

the phospholipid/ionophore systems) again appears upon complexation. 

Preliminary work on a further system has also been undertaken. A cross-

section through the LB structure is shown in the inset to figure 7.15. In order 

to trap the DPPA and valinomycin, two layers of arachidic acid were deposited 

on top of the 10 layers of a 5:1 DPPA/valinomycin mixture. Figure 7.15 also 

presents the relevant spectra. Spectrum (a) represents the as-dipped sample with 
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both the DPPA and the arachidic acid spectra subtracted for clarity. After a 

total of 2 min immersion in 0.1 M KCl (spectrum not shown), no complexation is 

evident. After a subsequent immersion of 1 min in a 1 M KCl solution (spectrum 

(b)), the complexation is advanced. Finally, after 5 min in water (spectrum (c)), 

an advanced state of decomplexation (compared to the mixed three-component 

system) is observed. However, there is still a marked reduction in the intensity of 

the valinomycin bands suggesting loss of the ionophore. DPPA is also lost from 

the film. 

Therefore, in this system, as well as in the mixed three-component system, the 

loss of DPPA and valinomycin upon complexation is reduced. However, upon im

mersion in water the loss of material is just as great. An advantage of this system 

is that, with the arachidic acid being removed from the mixture, decomplexation 

is once again favoured. On the other hand, addition of two layers of arachidic acid 

as a trapping layer hinders the complexation process. Experiments with arachidic 

acid layers up to 20 monolayers in thickness suggest that there is no material loss 

for immersions in KCl. The results also suggest that the complexation process 

becomes slower as the thickness of the capping layer increases. 

I t is evident from the ATR spectra of these phospholipid/vaUnomycin mixed 

LB systems that as the mole-fraction of DPPA increases so does the amount of 

spectral noise. The noise has been finked to the presence of trapped water in 

the LB film, and hence, this demonstrates the affinity of DPPA for water. It is 

therefore quite conceivable that upon complexation, as the valinomycin adopts 

its tighter conformation, the film is "opened-up". The resulting "open" structure 

might easily be penetrated by water molecules (attracted by the DPPA head 

groups) leading to a less stable LB film. If the phosphoUpid/valinomycin mixed 

LB systems in their uncomplexed state are first of all immersed in water, no 

degradation of the film is observed. A rapid loss of both components is only 

observed when an LB film in the complexed state is immersed in deionised water. 

The loss of material is therefore intimately related to the decomplexation process. 
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At the present time, the processes responsible for the loss of organic material are 

not fully understood. 

7.7 S U M M A R Y 

In conclusion, valinomycin-containing Langmuir-Blodgett films have been pre

pared. The structural changes occurring in these films when they are exposed to 

KCl solutions have been analysed using Fourier transform infrared ATR spec

troscopy. Pure valinomycin films, either of the Langmuir-Blodgett type or the 

cast type do not undergo complexation. A detailed examination has revealed 

that, in order to complex with potassium ions, valinomycin must be mixed with a 

secondary component, e.g. arachidic acid. Significant complexation occurred after 

1 min, but more interesting and profound structural changes in the arachidic acid 

matrix have been inferred from the IR spectra. A marked decrease in intensity 

of the acid dimer u{C=0) band and enhancement of the v(CH2) bands suggest 

structural changes in the arachidic acid hydrocarbon chains and acid head groups, 

possibly reflecting the migration of vaHnomycin molecules towards the polar acid 

head groups. The connection with potassium transport is obvious and demon

strates the close resemblance of the mixed LB film system with the biological 

membrane. However, an important distinction is that dissociation of the VM/K"*" 

complex does not occur in the mixed arachidic acid/valinomycin system. 

To model the biological membrane more closely, the fatty acid (arachidic acid) 

component was replaced by the phospholipid molecule L-a-phosphatidic acid di-

palmitoyl (DPPA). This molecule was chosen for its superior dipping properties 

compared to other phospholipid molecules. The properties of this mixed system 

are also described. Infrared spectroscopy reveals that the VM/K"^ is formed and 

in contrast to the above system, dissociation of the complex was also observed. 

However, for this two-component system a significant loss of both components 

occurs when the films are immersed in KCl solutions and water. The loss of 

material in KCl can be reduced by the introduction of arachidic acid to form a 
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three-component system. However, this has a deleterious effect on the dissocia

tion of the complex. Incorporating the arachidic acid as a capping layer on top 

of a two-component (phospholipid/valinomycin) LB system enhances the decom

plexation but hinders complexation, presumably by preventing the penetration 

of potassium ions into the potassium-selective portion of the structure. The loss 

of material in these systems has been linked to the process of decomplexation, 

since uncomplexed films immersed in water show no signs of degradation. Finally, 

from the work presented here, i t is difficult to quantify the degree of complexa

tion (especially in the phospholipid-based systems where the band intensities are 

changing as a function of material lost) and to establish a time period for complex

ation. Clearly, both these are important parameters. However, empirically the 

following trends have been found for all the systems described. Firstly, the speed 

of complexation decreases as the mole-fraction of valinomycin in the mixed sys

tem increases, and secondly, this parameter increases with increasing potassium 

concentration. 
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C H A P T E R 8 

C O N C L U S I O N S 

8.1 S U M M A R Y 

The LB technique has been successfully used to fabricate ultra-thin organic 

films which are selective to potassium ions. The ionophore used for the potassium 

sensing was the macrocyclic depsipeptide, valinomycin. The work presented in this 

thesis has concentrated on two specific mixed component LB systems, namely 

arachidic acid/vaUnomycin and L-a-phosphatidic acid dipalmitoyl/vahnomycin. 

The research has highlighted certain advantages and disadvantages of each system. 

The deposition and characterisation of Langmuir-Blodgett films of pure vah

nomycin has been carried out. The isotherm of the pure ionophore is unusual 

in that i t exhibits a plateau region before the onset of a steep solid-like region. 

I t has been proposed that the plateau represents the condensation of a highly 

incompressible phase from a highly compressible phase in which the majority of 

the valinomycin molecules are oriented in stacks with their planes perpendicular 

to the water surface. The deposition of multilayers of valinomycin onto a vari

ety of substrates is possible i f and only i f the substrate is initially coated with 

a few layers of a fatty acid or fatty acid salt. Reproducible Y-type deposition 

was possible onto both the hydrocarbon chain and the carboxylic head group of 

the fatty acid. FTIR spectroscopy, UV-spectrophotometry and elhpsometry indi

cate good reproducibility. However, a detailed eUipsometric study of valinomycin 

multilayers reveals a thickness profile in the direction of dipping. The average 

thickness per monolayer varies in a monotonic fashion along the substrate. The 

processes that are responsible for the thickness reproducibihty both parallel to 

and perpendicular to the dipping direction are, at present, not fully understood. 

A detailed study of the interaction between valinomycin-containing Langmuir-

Blodgett films with aqueous potassium solutions was undertaken. The probe for 
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this investigation was attenuated total reflection Fourier transform infra red (ATR-

FTIR) spectroscopy which has been demonstrated to have the required sensitivity 

to look at iiltra-thin films. Thin films (of any kind) of pure valinomycin have not 

been previously reported in the literature. Therefore i t was interesting to in

vestigate the interaction of LB films of the pure ionophore with KCl solutions. 

Interestingly no complexation with potassium ions was observed for these films 

(as well as for cast films). The reason for this is possibly related to the fact that 

the vaHnomycin molecules are surrounded by themselves. This unusual environ

ment might force the ionophore to adopt a conformation which is not suitable for 

complexation. 

The research has revealed that, in order to complex with K+, valinomycin 

must be mixed with a secondary component. The arachidic acid/valinomycin 

system was first of all investigated. Significant complexation was found to occur 

after one minute. Furthermore, profound structural changes in the fatty acid 

matrix were also observed. They have been interpreted as possibly reflecting 

the migration of valinomycin molecules from the hydrophobic regions of the LB 

structure towards the polar acid head groups. Unfortunately, the dissociation of 

the VM/K"*" complex was not observed in this mixed system. 

The system described above represents a simple model for the biological mem

brane with the distinction that decomplexation does not occur. To produce a 

more realistic model the fatty acid was replaced by the phosphohpid molecule, 

L-a-phosphatidic acid dipalmitoyl (DPPA). In this system IR spectroscopy iden

tified both formation and dissociation of the VM/K"*" complex. The disadvantage 

of this system was the significant loss of both components upon immersion in KCl 

solutions and water. A number of attempts have been made to reduce this loss. 

A three component system of arachidic acid, valinomycin and DPPA, was investi

gated. The loss of material in KCl was reduced, however, the inclusion of the fatty 

acid had a deleterious effect on the dissociation of the complex. Another system, 

incorporating an arachidic acid film as a capping layer for the DPPA/valinomycin 
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structure, has improved the decomplexation properties but, at the same time, the 

complexation process is hindered. 

Deposition of LB films onto the gate surface of an ISFET has also been demon

strated. Reproducible deposition onto the surface of mounted SOS ISFETs is 

possible, and has been confirmed by infrared transmission spectroscopy. The de

position of a variety of LB films shows no eff"ect on the pH responses of these 

devices. This has been interpreted as illustrating the fact that LB films provide 

no barrier to the potential determining H+ and 0 H ~ ions. They are able to par

ticipate in the silanol reactions on the Si3N4 surface, which are responsible for the 

pH response of the device, as i f no LB film were present. 

Attempts at incorporating the potassium selective LB film systems described 

above with an ISFET have been largely unsuccessful. Intial experiments, con

cerned with the pure valinomycin films, exhibited no potassium response that 

could be associated with the ionophore. The subsequent ATR-IR investigation 

of the interaction of these films with KCl showed that complexation did not oc

cur, and hence explained the observed ISFET results. Similarly, for the mixed 

arachidic acid/valinomycin system, no response was observed and a possible rea

son for this, in terms of the absence of decomplexation in these films, has been 

proposed. The responses of the ISFET devices coated with the DPPA/valinomycin 

based systems, at the time of writing, have not been evaluated. 

8.1 S U G G E S T I O N S F O R F U R T H E R W O R K 

As a result of the present work, ultra-thin Langmuir-Blodgett films incorporat

ing the ionophore valinomycin have been fabricated, and have been demonstrated 

to undergo complexation with potassium ions when immersed in aqueous potas

sium containing solutions. Furthermore, dissociation of the complex occurs when 

the films are immersed in water, but unfortunately loss of the film into solution 

occurs. Future work should address this problem. Present thinking suggests that 

the problem is associated partly with the hydrophilic nature, and partly with 
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the flexibihty of the phospholipid matrix. It is proposed that the ionophore re

quires a flexible matrix in order to dissociate (cf. the rigid arachidic acid-based 

system) but, at the same time, the flexibility of the phospholipid coupled with 

its hydrophilic nature leads to an unstable matrix when immersed in an aqueous 

solution. The problem might be solved using phospholipids that have polymeris-

able, diacetylene units incorporated into their alkyl chains. This should certainly 

produce a more stable film when the deposited LB film is cross-linked, however, 

the effect of the loss in flexibility on the dissociation properties of this system will 

require investigation. 

In addition to investigating the problem of stabiHty of the LB films, future 

work should also concentrate on the incorporation of the DPPA/vahnomycin based 

systems with the ISFET devices. Once the problem of stability of these films has 

been solved, the K'*"-response of such devices can be evaluated. The optimisation 

of parameters, such as, the mole-fraction of the phospholipid in the mixed film 

and the thickness of the arachidic acid capping layer, can be undertaken. The 

device assessment of these films can be carried out in parallel with the equivalent 

IR spectroscopic studies. 

Furthermore, new materials should be investigated. For example, different 

ionophores, such as, monensin (which is Na"*" selective) or A23187 (which is Câ "*" 

selective), might be incorporated into LB films, and subsequently integrated with 

the ISFET device. The possibility exists for immobilising urease and glucose-

oxidase in LB film form, thus creating a new type of enzyme sensor. Also, the LB 

technique might be used to fabricate films of materials which would be difficult 

to deposit by any other means, such as, antibody/antigen materials and highly 

specific and reversible receptor proteins. 

The present work has also highhghted the technique of ATR-IR spectroscopy 

for probing ultra-thin Langmuir-Blodgett films. The technique has revealed 

valuable information concerning decomplexation, and the associated structural 

changes in valinomycin based systems. Further fundamental work can be carried 
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out. For example, investigations concerning the following might be undertaken: 

the molecular interactions responsible for the behaviour of pure vahnomycin films, 

the effect of different matrix molecules, and the behaviour of systems incorporat

ing a hydrophilic acid head group as the outermost layer. 
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