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ABSTRACTS

I. Effect of pH on the Interfacial Behavior of Uracil

The adsorption of uracil at the mercury electrode-solution interface 
has been studied by differential capacitance and maximum bubble pressure 
methods as a function of pH. At pH 8.0 and below uracil exhibits an init­
ial, dilute adsorption region where the area occupied by one adsorbed 
uracil molecule, 69 ±  5 A^, is close to that expected if the pyrimidine 
molecule is adsorbed flat on the electrode surface, i.e. with the plane of 
the ring atoms parallel to the electrode surface. At a bulk solution 
concentration of about 21 and at potentials centered at ca. -0.5 V the 
uracil molecule undergo an abrupt surface reorientation and adopt a per­
pendicular stance on the electrode. The area occupied by one uracil mole­
cule in the perpendicular orientation is 39 +  3 A^. At pH 11.0 uracil 
exists as a monoanions and in this form is significantly less strongly 
adsorbed in the initial flat surface orientation. The reorientation of 
adsorbed uracil monoanions from the flat to perpendicular stance is not 
observed at pH 11.0 until the bulk solution concentration of uracil 
reaches ca. 65 mM.

II. Interfacial Behavior of Adenine and Its Nucleosides and Nucleotides

The adsorption of adenine, adenosine and AMP has been studied by 
surface electrochemical methods at pH 8.0. All compounds exhibit an 
initial or dilute adsorption region where they are probably adsorbed with 
the base flat on the electrode surface. It is proposed that adenosine 
and AMP adopt the syn conformation so that the sugar or sugar phosphate 
moiety , respectively, is largely rotated out of the plane of the electrode 
and the base residues can pack together almost as closely as the free bases. 
At potentials centered at -0.5 V and bulk solution concentrations> ca.3 mM 
adenine appears to undergo a surface reorientation and adopts a perpendicu­
lar stance. In this new orientation it is proposed that adenine is bound 
to the electrode through its amino group hydrogen atoms forming a
electrode hydrogen bond. Adenosine appears to form two types of perpendi­
cular layers. At small positive electrode charges it is suggested that it 
adopts an anti conformation and is adsorbed with the negative end of its 
permanent dipole directed towards the electrode. At more negative poten­
tials it is proposed that adenosine retains the anti conformation but is 
adsorbed with the positive end of its dipole directed towards the electrode.

III. A Preliminary Study of Electrochemical Oxidation of 
5-methyltetrahydropterin

The oxidation of 5-methyltetrahydropterin has been studied at the 
pyrolytic graphite electrode and a reticulated vitreous carbon electrode 
by a variety of techniques including cyclic voltammetry, linear sweep 
voltammetry, controlled potential coulometry and rapid-scan thin-layer

xiv



spectroelectrochemistry. 5-Methyltetrahydropterin undergoes a two 
electron/two proton electrochemical oxidation at the PGE with a peak 
potential(Ep) of +  0.33 V (vs. SCE) in pH 3.0 phosphate buffer. The 
reactant appears to be adsorbed on the electrode surface prior to the 
electron transfer to the electrode. It is proposed that the immediate 
product is a quinonoid ion. This quinonoid ion intermediate is very 
unstable in solution and rapidly undergoes a rearrangement to 5-methyl- 
5,6-dihydropterin which is more difficult to reduce than the quinonoid 
ion. The product of this short term electrolysis product appears to be 
different from the product of long term electrolysis in the controlled 
potential coulometric cell as evidenced by the UV spectra.
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CHAPTER I

INTRODUCTION

Interfacial Phenomena 

The behavior of molecules at interfaces (solid/liquid, liquid/ 

liquid, and solid/gas, etc.)» or adsorption, has been a center of in­

terest for many scientists for the last several decades. This is be­

cause various important chemical and physical processes occur at such 

interfacial regions. Several of the numerous examples^ of the inter­

facial processes are given below;

1) One of the most well known adsorbents is charcoal used

in gas masks and industrial purifications processes. With its surface
2area of about 1100 m /g, it is capable of adsorbing and holding large 

quantities of poisons or impurities that one might wish to remove from 

a stream of air or solution mixtures.

2) Many chemical reactions occur in the presence of certain

surfaces that do not proceed at all, or do so only very slowly, in the
2absence of such surfaces. Heterogeneous catalysis, which has been 

employed in various processes is a typical reaction at an interface. 

Examples of such catalysts are Pt black for hydrogenation reactions 

and silica-alumina gel for cracking of heavy petroleum fractions.

It is easily seen that adsorbed molecules or ions may enter into a

1



2

reaction quite different from that which occurs in bulk, homogeneous

solution. In kinetic terms, the molecules on the surface are such

that they may react through a state of much lower activation energy

than can the normal molecules. It follows that heterogeneous catalysis

can be understood in detail only when the nature of the adsorbed
2species is so understood.

3) A surfactant is an organic compound consisting of two parts, 

a hydrophobic portion of a long hydrocarbon chain and a hydrophylic

or polar group. The combined hydrophobic and hydrophilic moieties 

render the compound surface active and thus able to concentrate at the 

interface between a surfactant solution and another phase such as air,
3

soil, textile or other substrate to be cleaned.

4) In adsorption chromatography, especially in gas-solid 

chromatography, physical adsorption is responsible for the separation 

of various compounds of a mixture, which capitalizes on different 

adsorption characteristics of the component molecules.

5) Most electrochemical reactions involve a transfer of elec­

trons which occurs at a charged electrode/electrolyte solution inter­

face. Sometimes the reactant adsorbs on the electrode surface prior 

to the electron transfer. Therefore, the adsorption behavior (i.e., 

orientation or possible structural modification on the surface) of 

the reactant molecules may have significant effects in the reaction 

mechanism.

6) The interfacial behavior of molecules is also extremely 

important in biological reactions. Body fluids such as blood, lymph, 

and extracellular fluids, etc., are all colloidal systems, containing



3

a great variety of molecular species in the form of particles, sometimes 

charged, of colloidal size, in addition to a large number of dissolved 

molecules and ions which are much smaller in size than colloids. The 

existence of these surface charges is responsible for the electric 

potential hence electric fields around such particles, and is of prime 

importance for the stability of such solutions and in determining the 

interaction of these particles either among themselves or the surfaces
4

of the vessels or membranes which are themselves charged.

Detailed examples of these biological aspects of the surface 

charge will be given in the following section.

Interfacial Adsorption Effects in Biological Systems

A large number of chemical and physical mechanisms in biological 

systems appear to depend to a great extent upon the interaction of bio­

dynamic molecules with an electrically charged membrane. However, 

the chemistry and physics of these molecules adsorbed at the membrane- 

fluid interface are not well understood. Basic studies of interfacial 

phenomena iu vivo are rendered difficult by the multitudes of surface 

active compounds which exist in biological fluids and the virtual im­

possibility of identifying specific interactions between a given ad-

sorbate molecule and active site on a biological interface.
5 6 7It is well documented ’ ’ that clotting of blood is a process 

which involves the effect of surface charge in its initial stages. The 

initiation of clotting starts with the activation of the coagulation 

factor XII (Hageman Factor). Factor XII exists in a precursor form 

in the endothelial blood vessel lining but, on exposure to subendothelial



collagen or many other foreign surfaces such as skin or glass, it is
g

converted into an active form, F The molecular details of this

conversion are largely unknown. Most activators of the F XII F XII^

conversion share the property of being negatively charged, furthermore

certain topological arrangement of these negative charges appears to 
9 10be essential. ’ Polycations such as spermine or polylysine inter­

fere with the F XII activating ability of negatively charged surfaces. 

Negatively charged material such as heparin do not inhibit the 

activation. It has been suggested that activation of F XII after ad­

sorption on the surface involves unfolding of the molecule (a protein 

with M.W. 95,000) with resultant exposure of reactive or catalytic 

sites that are normally masked within the native protein. These 

studies are of particular relevance to the properties of prosthetic 

devices in the circulatory system.

One clear indication that emerges from the studies referred 

to above is that the properties of proteins, and therefore also 

probably other important macromolecules such as nucleic acids and 

lipids can be altered upon contact with certain charged surfaces.

It would appear that among the various possiblities the structure 

of surface adsorbed macromolecules is intrinsically different from 

the unbound molecule. Thus, an adsorbed macromolecu.e could be bound 

at a specific site at the biological interface thus preventing the 

normal reaction of this site. Alternatively, the altered molecular 

structure could result in exposure of otherwise shielded sites within 

the macromolecule to the contacting medium, hence activating or re­

pressing the biological function of the molecule. In particular, it
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would seem highly likely that partial or complete dénaturation or un­

winding of polypeptide chains or nucleic acid helices could be a very 

likely effect at charged interfaces.^^ In other words, the conforma­

tion of biomolecules at surfaces may be dependent on the charge on the 

surface (hence electric potential and electric fields around the sur­

face) to modify its behavior or functions.

Some studies have suggested biological roles of interfacial 

processes occurring ^  vivo. For example, electric fields have been

known for some time to influence the conformation of various natural
12and biosynthetic polynucleotides in solution. Hill has calculated

that high electric fields could bring about separation of the two

molecular chains of nucleotides in DNA. Based on birefringence
13measurements, it has been demonstrated that in a high intensity

electric field (> 10^ V/cm) DNA first aggregates and then undergoes

a structural transition in which the angles of the purine and the

pyrimidine bases with respect to the helix axis are altered. In an

electric field of about 2 x 10^ V/cm ribosomal RNA and polynucleotides

such as poly(A) and poly(U) appear to undergo a transient opening

of base pairs followed by only partial reassociation of the unfolded 
14regions.

The potentials that exist at certain biological membranes 

such as a cell membrane are thought to be on the order of 0.1 V. In 

a biological fluid having an ionic strength of 0.1 to 0.2 M, this 

potential would extend over distances of 10-100 This corresponds

to electric fields of 10^-10^ V/cm. Clearly, if a biopolymer such 

as DNA or RNA is present in close proximity to such a biosurface then
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it seems quite reasonable to suggest that macromolecular structural 

transitions might occur. In fact, in living organisms DNA, for example, 

is partially associated with the nuclear or cytoplasmic membrane, or 

with the interface of the n u c l e o l u s . A  theory has been advanced

that replication could begin at the level of the nuclear or cellular
18“20 12 wall. Indeed, Hill has suggested that the electric fields and

their variations at biological interfaces might act as the trigger
20for division of genetic material in the cell prior to self-duplication.

An especially interesting aspect of electrical activity asso­

ciated with biological processes is the existence of the potential 

of injury at a trauma site. It has been observed that this potential 

which is measured between the limb shaft and the outer layer of muscle 

at the site, follows a different time course in the healing of, for

example, a limb amputation in a species which can regenerate the limb
21 22as opposed to one which exhibits only scar tissue formation. *

It has been shown that implantation of small electrodes across this

injury site in a non-regenerating species causes partial limb regenera-
23 24 25tion even in a complex organism such as the rat. ’ ’ This implies

that fundamental biological processes (ultimately at the genetic level)

may be controlled by the natural or artificially applied electrical
26environment at a tissue repair site. It has been noted that the 

cellular process of fracture healing in amphibians is in some way re­

lated to the electrical phenomena produced by the fractured bone.

In an effort to make clinical use of this "animal electricity",

attempts have been made to stimulate fracture repair utilizing sur-
22gically implanted electrodes. Recently an alternate method of
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influencing the electrical environment of a fracture site, which uses

an external pulsed electromagnetic field to induce a potential in the
27bone, has been demonstrated. This method uses a coil located outside 

of the body, and requires no surgical procedure. It has been success­

ful as a method for stimulation of healing of bone fractures in human 

patients.

At physiological bulk-phase pH value of 7.2 all mammalian

cells so far examined carry a net negative charge at their surfaces.

However, the surface potential of a cell is not constant but can undergo

some rather dramatic changes. For example, cells isolated from the

regenerating livers of rats some days after partial hepatectomy and

cells from neonates have significantly higher electrophoretic mobilities
28than liver cells from normal adults, i.e., cell proliferation is

associated with increased net surface negativity. Similarly, the

electrophoretic mobilities of certain tumor cells increase with growth 
29rate. At the time of mitosis a very significant increase in net

surface negativity has been observed in various types of cultured tumor
30 31 32 33cells. * Indeed, Ambrose et al. ’ have noted a correlation

between malignancy and increased cell surface negativity, although
34this is certainly not thought to be a universal correlation.

A substantial amount of evidence is being developed which 

indicates that interaction with biological interfaces is a prerequisite 

for the manifestation of the biological effects of polynucleotides
35in mammalian cell systems in vivo and in vitro. Thus, Field et al. 

have reported that RNA double strands, and particularly poly(I)-poly(C) 

induce interferon formation in mammalian cells. Subsequently, Schell
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has shown that poly(I)-poly(C) is adsorbed to the outside of the cell

followed by strand separation and ultimately by interferon formation.
37It has further been suggested that other biological effects of poly­

nucleotides, such as adjuvant effects and enzyme inhibition/activation 

requires interaction of the polynucleotides with the charged cell 

surface.
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Electrical Double Layer and Surface Potential

Because of the existence of the charge on the electrode surface, 

an electrode/solution interface is generally characterized by a well- 

defined electrical double layer bounded on one side by the electrode 

surface and on the other side by an ionic layer across which a re­

latively high electric field develops (up to ca. 10^ V/cm) due to the 

large potential difference extending over a very small distance (Fig.

1). This constitutes the so-called inner or compact double layer, the 

width of which is only a few atomic diameters, and it is well known

that the dielectric constant of solvent molecules in this region is 
39decreased. On the boundary between the inner and the diffuse layer 

the field strength has only about 1/10 of its original value, and it 

then decreases in the diffuse layer to virtually zero as shown in the 

figure. In a medium of ionic strength of ca. 0.1-0.2 M, which is a 

typical of biological fluids, the depth of the diffuse layer is about 

100 Extensive discussion on the double layer can be found in

several review articles.

The surface potential of cell membrane/biological fluid inter­

face arises from the charge on the surface since the cell surface and 

cellular membrane have ionizable groups on them such as the carboxyl

group of sialic acid and phosphate groups of phospholipids to give
42negative surface charges. Hence, there is an electrical double 

layer set up correspondingly bounded on one side by the membrane sur­

face and the other side by an ionic layer across which most of the
43 44potential drop occurs ’ as shown in Fig. 2. Cope has presented 

some convincing arguments that a cell surface/biological fluid interface
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may be regarded as being very similar to a liquid/solid interface which

exhibits electrical behavior analogous to that occurring at an electrode/
44 46-53solution interface. ’ It should be noted that the slope of the

potential-distance curve in Fig. 2 is equal to the electric field 

strength (Volt/cm). Since there is a very strong electric field 

(typically 10^ V/cm) in the membrane and interfacial region, the be­

havior of molecules or ions in this region is expected to be signifi­

cantly different from that in the bulk medium.

The nature of the material comprising the charged surface,

the decrease of dielectric constant and the electric field through the

double layer may be important in controlling biological and other re-
53actions in, for example, the following fashion:

1) Adsorption may occur at the surface resulting in structural changes 

of the adsorbed species hence controlling its reactivity.

2) Concentration of the specific reactants at the surface might be 

quite different from that in the bulk solution. Increased surface 

concentrations through adsorption could facilitate intermolecular 

association, chemical reactions, etc.

3) Adsorption might occur with the adsorbed material oriented toward the 

solution, and hence to potential reactants, in a very specific 

fashion facilitating or hindering various chemical processes. The 

orientation phenomena could be surface-potential controlled.

4) The intense electrostatic field at the interfacial region could 

facilitate stabilization or destabilization of the ground state, 

intermediates or transition state in a reaction.

5) The pK^ values, for example, of species that pass into the electrical
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double layer may be altered hence again influencing the course of 

chemical reactions.

Because a charged cell surface-biological fluid interface is 

similar to a charged electrode-electrolyte solution interface, it seems 

reasonable that an understanding of the interfacial behavior of bio­

molecules at the latter interface might reveal significant information 

regarding the interactions of these molecules at biological inter­

faces.

It would seem to be self-evident, however, that interfacial 

studies of nucleic acids and other polynucleotides, and interpretation 

of the data so collected, must rely on a fundamental knowledge of the 

interfacial behaviors of the monomeric units, i.e., the nucleobases, 

nucleosides and nucleotides. Several investigators have reported that 

various monomeric purine and pyrimidine derivatives are adsorbed at 

mercury e l e c t r o d e . 62,65 studies, however, have generally

been very qualitative; they have revealed virtually nothing about 

the surface areas occupied by the adsorbed molecules and hence their 

probably surface orientations, the nature of the adsorption isotherms 

and the effects of potential on the adsorption processes, the inter­

molecular interaction between adsorbed molecules and the electrode 

surface. A brief review of the qualitative adsorption studies, so 

far reported, of such molecules will be given in the following section.
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Review of Adsorption of Nucleobases, Nucleosides, Nucleotides, DNA

and Polynucleotides

A number of reports have indicated that many purines, pyrimidines,

their nucleosides and nucleotides are adsorbed at the dropping mercury

electrode (DME),^^ 57,63 65 pj-i^cipally at the potential of zero charge

(pzc) or electrocapillary maximum potential (ECM). Such studies have

been based primarily on alternating current polarography and differential

capacitance measurements of the electrical double layer. Dryhurst and

his coworkers in this laboratory have already reported a considerable

amount of quantitative work on the adsorption of thymine, uracil and

adenine and their d e r i v a t i v e s . I t  is particularly

relevant to note that those purines and pyrimidines adsorbed at the

DME that are normal components of nucleic acids (e.g., adenine, guanine,

thymine, cytosine and uracil), exhibit pronounced depressions or pits

in the differential capacitance vs. potential curves above certain
64-67bulk concentrations, although such a behavior has been also found

with several other aromatic organic c o m p o u n d s . S u c h  pits have been 

interpreted as indicative of strong intermolecular association be­

tween the adsorbed molecules. 6-Hydroxypteridine exhibits a similar 
67phenomenon. Adsorption-association effects have also been noted 

for nucleosides, deoxyribonucleosides, and deoxyribonacleotides of 

c y t o s i n e , t h y m i n e ,  adenine, and guanine. Surprisingly however,

Janik and Sommer found that uridine monophosphate adsorbed at DME 

but gave no evidence for association on the electrode apparently be­

cause of electrostatic repulsion between negatively charged phosphate 

groups. However, since other nucleotides particularly those found
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naturally in nucleic acids do adsorb and associate, there must be 

some fundamental difference between surface interactions of various 

nucleotides.

Elving et al.^^ have proposed that the principal mode of 

association of the cytosine nucleosides, nucleotides and oligonucleotides

is a vertical overlapping or stacking of bases. Adenosine and deoxy-
63guanosine show two regions of potential where pits occur suggesting 

changes in orientation of the adsorbed and associated species at the 

electrode. Many other purine and pyrimidine derivatives show evidence 

for reorientation of the adsorbed species with change in potential.

The adsorption of nicotinamide adenine dinucleotide (NAD^, NADH) at a 

glassy carbon electrode has also been studied recently by Elving et al.^^^ 

It is proposed that NAD"*” produced by anodic oxidation of the NADH is 

first rapidly adsorbed in a planar configuration relative to the elec­

trode surface and probably bound to the surface through the adenine 

moiety. There is then a relatively slow reorientation of the adsorbed 

NADH molecules to a perpendicular orientation relative to the electrode 

surface; the perpendicularly oriented adsorbate, which likely involves 

interaction between parallel adenine and pyridinium rings, is more 

tightly bound to the surface than the planar oriented adsorbate.

Krznaric, Valenta and NUmberg^^^*^^^’^^^ reported several 

quantitative studies on the adsorption of nucleotides at the hanging 

mercury drop electrode (HMDE). It is shown that adenine oligonucleotides 

and poly (A) adsorb at the HMDE via the adenine base residues of the 

nucleotide chain according to their voltammetric studies, and that 

cytidine (at pH 3.24) follows a Frumkin type isotherm at lower concen-
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tration.

Although many studies have been reported on the adsorption 

of nucleobases, nucleosides and nucleotides, the nature of the inter­

action between electrode and adsorbate molecules in the capacitance 

pit region are not well understood. Dryhurst et al.^^^ proposed that 

hydrogen bonding between the hydrogen atom of the amino group of the 

bases and the electrode surface is a primary interaction for the mole­

cular orientation in the capacitance pit, while Vetterl^^^’^^^ sug­

gested that it could be interpreted in terms of the interaction of 

electric fields with the charges and the dipole moments of the adsor­

bate molecules.

Reports have appeared regarding electrochemical studies of

the adsorption of DNA and polynucleotides. Miller^^ used a differential

capacity method to study the adsorption of DNA at the DME. At pH 6

he found that DNA is apparently adsorbed at potentials more positive

than -1.2 V (vs. SCE) and desorbed at ca. -1.3 V. Miller also proposed

that a negatively charged electrode double helical DNA unfolds. Such

behavior is of considerable biological and electrochemical interest.

However, more recently Flemming^^ has reexamined the behavior of DNA

at the DME by a.c. polarography and could not confirm the unfolding
7X 72 73of DNA at positive potentials. Palacek and coworkers ’ ’ have

reviewed the extensive d.c. and a.c., pulse and oscillopolarographic 

studies on DNA and polynucleotides. A  number of peaks and waves for 

native and denatured DNA and polynucleotides are clearly of a non-faradaic 

nature, i.e., due to adsorption-desorption phenomena. Recent studies by 

Palecek et demonstrate the conformational changes which
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can be induced as a function of electrode potential. The Influence 

of adsorption of double-stranded (ds) DNA, ds RNA and homopolymeric 

pairs at a mercury electrode on conformation of these polynucleotides 

was studied. Changes in the polarographic reducibility of polynucleo­

tides, which were followed by means of normal pulse polarography and 

linear sweep voltammetry at the dropping mercury electrode were ex­

ploited to indicate conformational changes. It was found that, as a 

consequence of adsorption of ds polynucleotides on the negatively charged 

electrode, conformational changes similar to dénaturation take place in 

a narrow potential region around -1.2 V. After sufficiently long time 

of contact with the electrode (10 sec) these changes reach limiting 

values which can approach total dénaturation. Upon adsorption of ds 

polynucleotides on the electrode charged to more positive potentials 

than -1.2 V no conformational changes occur or only a small part of 

the polynucleotide is very quickly denatured— the remainder of the 

molecule preserves its ds structure. Conformational changes of 

adsorbed ds polynucleotides are influenced by factors which change 

the stability of ds polynucleotides in solution. It is supposed that 

dénaturation of ds polynucleotides in the region (around -1.2 V) might 

result from the strains connected with the repulsion of certain segments

of the molecule anchored on the electrode from the negatively charged
74surface. Thus, Valenta and Grahmann have concluded that protonated

molecules of DNA are adsorbed via n-bonding of their pyrimidine and purine

residues while the other parts of the DNA molecule, including the

sugar and phosphate group, are oriented toward the solution. The
65data of Elving et al., however, seems to implicate the phosphate-
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ribose residues in a much more important role in the interfacial pro­

perties, at least in the case of simple nucleosides and nucleotides.
74In addition, Valenta and Grahmann seem to suggest that the macro-

molecular DNA even in its denatured form lies flat on the electrode.

This is extremely unlikely, indeed there is considerable evidence,

both theoretical and experimental (see, for example, references 75

and 76), that adsorption of flexible macromolecules to a plane interface

results in the molecule adopting a structure consisting of adsorbed

segment trains alternating with free loops extending out into the

solution. If this is the case for DNA and polynucleotides, considerably

more detailed and quantitative data is required before their behavior,

conformation and structure at the electrode interface is sensibly
68characterized. Janik and Sommer reported the first effort to in­

vestigate semi-quantitatively the adsorption of a polynucleotide 

(poly(U)) at the DME. They found considerable looping of the poly­

nucleotide out into the solution.

Nürnberg and his coworkers^^^’^^^ have also studued the ad­

sorption and interfacial behavior of DNA and related biosynthetic 

polynucleotides in moderately acid solution (pH 5.6) over the whole 

extended potential range of adsorption up to -1.6 V (v s . SCE) at the 

HMDE by a potentiostatic double-step sweep method. Three potential ranges 

corresponding to different interfacial situations could be distinguished 

for the investigated polynucleotides. In the first range between 

-0.4 and -1.2 V the biopolymer is adsorbed. If the biopolymer has 

initially a double stranded form progressive irreversible deconforma­

tion occurs as well in this potential range. In the second range
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between -1.2 and -1.6 V biopolymers are adsorbed and adenine and 

cytosine moieties undergo a totally irreversible reduction forming, 

according to the nature of the polynucleotide, a more or less completely 

blocking film of strongly adsorbed reduced biopolymer. In the third 

range beyond -1.6 V no adsorption and thus reduction occurs.

Brabec and Dryhurst^^^’^^^ studied the electrochemical oxida­

tion and adsorption of polyriboadenylic acid (poly(A)) by differential 

pulse voltammetry and a.c. voltammetry. Poly(A) is adsorbed at graphite 

electrodes between at least 0.2 V and 1.4 V. Single-stranded poly(A) 

is relatively flexible and, when adsorbed at a graphite electrode sur­

face, conforms to a large extent to the contours of the rough electrode 

surface so that many adenine residues are accessible to the electrode 

and a relatively large voltammetric peak current is observed. However, 

double stranded poly(A) has a more rigid structure such that when 

adsorbed on a graphite electrode it cannot conform so readily to the 

contours of the electrode surface, hence fewer adenine residues are 

accessible to the electrode and a smaller voltammetric peak current 

is observed.

According to the differential pulse voltammetric studies by 

Dryhurst et DNA is adsorbed at the surface of the graphite

electrodes in a broad range of potentials including the potentials 

of electrochemical oxidation of DNA. Both native and denatured DNAs 

yield two single, well defined and separated peaks on the differential 

pulse voltammograms. The more negative peak corresponds to electro­

chemical oxidation of guanine residues, whereas the more positive 

peak corresponds to electrochemical oxidation of adenine residues.



20

Both peaks of native DNA occur at the same potential as peaks of de­

natured DNA. However, electrochemical oxidation of adenine and guanine 

residues at graphite electrodes is markedly suppressed in native DNA. 

The heights of the two peaks represent a sensitive indicator of the 

helix-coil transition of DNA. It is suggested that the decreased 

differential pulse-voltammetric activity of native DNA is connected 

with its decreased flexibility.
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Research Objectives 

The main objective of this investigation was to characterize 

the behavior of several nucleobases, nucleosides and nucleotides at a 

charged mercury electrode/electrolyte solution interface. As revealed 

in the previous section, many of these compounds exhibit two regions 

of adsorption. The first or dilute adsorption region is where gradual 

changes are observed in the capacitance (C) v s . potential (E) curves 

in the low concentration range, typically less than 5 i#. The second 

or compact adsorption region where a sudden depression in the C v s .

E curves (i.e., capacitance pit )is observed in the relatively high con­

centration range.

In the first part of this dissertation, adsorption of uracil, 

especially the effect of pH of the electrolyte solution, was investiga­

ted and the adsorption parameters were evaluated and the mode of ad­

sorption was proposed.

In the second part, the adsorption of adenine, adenosine and 

its methylated derivatives, and adenosine monophosphate is characterized 

to evaluate the adsorption parameters and to propose possible molecular 

orientations of these compounds at the electrode surface and to elucidate 

the nature of interaction between the electrode and the adsorbate 

molecules.



CHAPTER II

THEORY

Although the study of the adsorption of organic substances

at electrodes was already at a high experimental level with Gouy’s

electrocapillary work at the beginning of this c e n t u r y , t h e  first

quantitative theory of the effect of the electric field on adsorption

was formulated by Frumkin in two papers published in 1925^^ and 1926.^^

These works laid the basis of the thermodynamic (according to its own

author) theory, which though extended and i m p r o v e d , h a s  since then

fundamentally remained the same. Its broad validity is at present gen- 
97erally recognized.

A  new theory, which can be referred to as a molecular theory, 
82was developed by Butler in 1929. The main difference between the

two theories resides in the size of the background model. Frumkin's

theory is based on a macroscopic model of condensers in parallel,

whereas Butler's theory focuses on microscopic (molecular) structures,

although macroscopic values of properties are in fact used. Butler's

theory appears rather attractive from a physical point of view, yet

it encounters tremendous theoretical difficulties so that it is less
97practically useful than Frumkin's .

Later, other authors followed the two main lines above. A

22
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83theory on molecular grounds was advanced by Bockris et a l . in 1963 

and 1967,^^ while conceptual retouches to the thermodynamic approach 

were suggested by Hansen et al.^^ and Parsons^^ in the sixties. Al­

though the two kinds of approach are not contrasting in principle, 

there has been, however, much discussion^^ up to now about the model 

of the double layer in the presence of organic adsorbate.

As a matter of fact, 50 years after the development of the 

first theory, there does not appear to be at our disposal a fully satis­

factory quantitative theory capable of predicting a priori the inter­

facial behavior of any neutral substance in detail. For these reasons, 

systematic experimental studies of organic adsorption are still welcome 

because that way the number of possible cases will be enlarged and

further insight will be gained into the matter. A number of re- 
8X 87 93~97views, ’ * have appeared on this topic over the last several

97years. A  paper by Trasatti provides a concise and plain description

of the line to follow in the experimental acquisition and subsequent

interpretative analysis on a molecular basis of parameters essential

for the diagnosis of the kind of adsorption.

Experimental study for adsorption phenomena were carried 
98out only on Hg electrodes which allow the use of particularly suitable 

techniques. Practically all developments and improvements in this 

field have been made with the aid of experimental results using Hg 

electrodes. The experimental situation for other electrodes is rather 

complex. Sl'93'99



24

The Significance of Adsorption Isotherm

Adsorption isotherm equations are equilibrium relationships 

between the concentration of adsorbate on the surface and in the bulk 

of solution at a constant temperature. Various types of isotherms 

have been p r o p o s e d . T h e y  differ in the way the state of the organic 

substance on the surface is d e s c r i b e d . H o w e v e r ,  a survey of 

the literature reveals that adsorption phenomena can be described by 

three fundamental types of isotherm which in practice reduce to just 

one (Table 1).

Different states of the adsorbate molecule on the surface may be 

possible. The simplest state for a molecule on a surface is the ideal 

condition in which no adsorbate-adsorbate interactions are effective, 

either for reasons of molecular size or for reasons of intermolecular 

forces. In this respect, the adsorbate may be considered as a non­

interacting point particle. The related equation of state is that 

for a two dimensional ideal gas model, where the surface pressure (ir) 

is substituted for pressure (P) and the surface concentration (r) for 

the volume concentration (C). The resulting isotherm is called the 

Henry's law isotherm where the surface concentration and the surface 

coverage are directly proportional to the bulk concentration (eqn. (la) 

and (lb))’, and the surface pressure is directly proportional to the 

surface concentration (eqn. (2)). The proportionality constant (k), 

which is directly related to the adsorption coefficient (B), straight­

forwardly represents the equilibrium constant for the adsorption.
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TABLE 1

Fundamental Types of Isotherms

Model Henry Isotherm Equation of State

Two-dimensional
ideal gas Henry 9 = Be ir = FRT

Correction for 
Molecular Size Langmuir 1 - 8 = Be ir =r RT(l-e) m

Correction for
particle-particle
interaction

9 2a9
Frumkin 1 - 9 ®  ir = - r  RT[ln(l-9)+a9^]in

c = bulk concentration of the adsorbate 

r = surface concentration of the adsorbate 

9 = fraction of the surface covered by the adsorbate 

B = adsorption coefficient 

ir = surface pressure

a = intermolecular adsorption coefficient 

R  = Boltzman constant (1.38054x10 erg deg 

T = absolute temperature 

e = 2.71828
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r = k c (la)

0 = B C (Ib)

ir = r R T (2)

In a real system, a molecule of adsorbate will occupy a volume 

equal to its own size. Account for this in the equation of state leads 

to the Langmuir isotherm (eqn. (3)) which originally, however, was 

derived from kinetic c o n s i d e r a t i o n s . T h i s  isotherm describes the 

localized adsorption of particles which interact not because of inter­

molecular forces but for reasons of size. In this case, if a fraction 

0 of surface is occupied by the adsorbate, further adsorption can only 

take place on the free part (1-0). The surface concentration and the 

surface pressure can be expressed by eqns. (3) and (4), respectively.

Ï &  - (3)
IT = - r  RT(l-0) (4)TH

If adsorbate-adsorbate surface repulsion or attraction is present,

this can be introduced into the equation of state by means of a

quadratic term. Various corrections along these lines have been pro-
86 78posed by different authors. Frumkin has suggested the introduction 

of the quadratic term into the Langmuir equation of state. Thus, the 

resulting Frumkin isotherm is in practice a Langmuir isotherm multi­

plied by an exponential term containing a molecular interaction para­

meter (eqn. (5)), and the surface pressure can be given by eqn. (6).

TT = r^RT[ln(l-0)+a0^] (5)

® = BCe'*’̂ "® (6)1—0
where, is the surface concentration at full monolayer surface
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coverage. For a = 0, the Frumkin isotherm (eqn. (6)) reduces to the 

Langmuir isotherm (eqn. (3)). A  value of a>l indicates intermolecular 

attraction between adjacent adsorbate molecules, while a<l means repul­

sion. It should be also noted that the Frumkin isotherm reduces to 

the Henry isotherm when o=0 and C « l .

Gibbs Adsorption Equation

The Relationship Between Surface Concentration 

and Surface Pressure

Gibbs^^^ conceived the idea of measuring adsorption as the 

integral of perturbation in concentration with distance. His integral 

is shown schematically in Figure 3.^^^ It represents the total of 

the concentration perturbation from the electrode surface to the 

bulk solution, at which point the change in concentration with dis­

tance approaches zero. The result of this summation is known as the 

Gibbs surface excess (or commonly surface concentration), F, and 

is given by the equation

F^ = /"c^(x)dx (7)

where C^(x) is the perturbation in concentration of species i at a
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Fig. 3
Schematic representation of the variation of concentration of species i 
with distance from an interface. Both the actual concentration, C., 
and the concentration perturbation, A C . ,  are shown. The shaded area 
represents the Gibbs surface excess, ^ ( r e f e r e n c e  105).
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distance x from the electrode surface. Often the surface excess of 

a particular species is assumed to be approximately equal to the 

quantity of that species adsorbed on the surface.

Although it is not possible to directly measure the variation 

in concentration of a species with distance from the electrode, the 

surface excess or surface concentration can be evaluated indirectly 

by determining a measurable quantity such as surface tension. Surface 

tension (or surface free energy) is related to the surface excess 

according to the Gibbs adsorption equation

dy = -%r^dp^ (8)

dy = -RTZr^dlna. (9)

where, is chemical potential of a species i and a^ is the activity 

of the species.

If the surface has an electrical charge, an additional term 

qdE, which is simply the work done by the charge as the electric 

potential changes, must be introduced

-dy = qdE + RTZF^dy^ (10)

= - RT ^3ïïi[7^E,T,y^(^^.j

Surface pressure, tt, is defined as the difference in the surface
108tension with and without adsorbate:

= - ( ^ o r g " V  " (12)
where, y is the surface tension in the absence of organic adsorbate w

y^^g is the surface tension in the presence of organic adsorbate.

dtr = -dy (12a)

therefore, for a dilute solution
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where c^ is the concentration of the adsorbate species i.

The significance of eqn. (13) is that the surface excess can 

be evaluated if surface pressure is determined as a function of concen­

tration. The slope of n vs. Inc^ curve at any point would yield the 

surface excess at that particular concentration, and from the limiting 

slope where c^ approaches infinity the maximum surface excess (i.e., 

the surface excess at full monolayer surface coverage, T^) can be 

found.

The molecular area, which is the area occupied by one molecule 

(or ion) of adsorbate on the electrode surface, can be readily obtained 

from r calculated from the limiting slope, i.e., eqn. (14);m

Molecular Area - (AvoRadro's^Numbar)* r (‘="^>

- loie . "
(6.022xl0^3)xrm
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Lippman Equation

Relationship Between Surface Tension, Surface Charge

and Potential and Double Layer Capacitance

For the charged electrode/electrolyte solution interface, the

surface tension is also dependent on the surface electrical potential
109as described by the Lippman eqn. (15), which is really a differential 

form of the Gibbs adsorption equation (10) for a charged surface.

a " (15)

C = I l  (16)

where C is the capacitance of the electrical double layer 

2
therefore, (^-^) = -C (17)

In other words, if the capacitance is determined as a function 

of potential, the surface charge and surface tension can be obtained 

respectively by a single and double integration of the capacitance 

with respect to potential

q = /g* CdE + q* (18)

Y = /g* qdE + Y* (19)

where, E* is the starting potential of the integration

q* is the integration constant which corresponds to the charge 

at E*

Y *  is the surface tension at E*.
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Generalized Frumkin Isotherm for Charged Surface

For electrified surface-adsorbate interactions, it has been
80shown that the adsorption coefficient, B, is no longer constant since

the adsorption equilibrium is dependent on the electric field (hence

the potential or the surface charge) according to eqn. (20).

B = B (20)o
Here B^ is the adsorption coefficient at the electrocapillary maximum 

potential (i.e., at q=0) for the electrolyte solution without the ad­

sorbate. Combining equations (6) and (20), an equation referred to as 

the generalized Frumkin isotherm^^^ is obtained:

= B (21)1-8 o
In this equation the electric field dependent function, <|), can be

expressed as a function of the potential

(f) = q^dE + C’E(Ejj- -|e ) (22)
where q^ is charge at a potential E for the background electrolyte

solution

C' is the capacitance of the double layer for the electrode 

completely covered with adsorbate monolayer (assumed 

constant), i.e., at 9=1.

Ejj is the electrocapillary maximum potential at 0=1.

The potential, E, in equation (22) is also relative to the ECM for the 

background electrolyte solution. Integration of eqn. (22) gives 

4» = G(E) +  C'EEjj- I  C'E^ (23)

where G(E) = /^ q dE = y (0) - Y (E) (24)
U w W W

Y^(0) is the surface tension of the background electrolyte
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solution at E=0.

Y^(E) Is the surface tension of the background electrolyte 

at potential E.

Hence G(E) can be determined experimentally from the difference between 

the interfacial tension at the ECM and the value at any potential E 

in the absence of an organic adsorbate. Eqn. (22) which essentially 

relates the fractional surface coverage (0) as a function of concentra­

tion (c) and potential (E) can be rewritten as follows:

—  = B ce^“9[G(E)-C’EE„- |c'E^]/r«RT (25)
1-0 " o^

The surface pressure (tr) for the Frumkin isotherm is expressed as a

function of the fractional surface coverage (0) by eqn. (5)

TT = - r RT[ln(l-0) +  o0^] (5)m
A  nonlinear least square computer program was used to fit ïï

values at various concentrations and potentials to give the best values
112of a, B , r , C , and E„. This is done by first taking trial values o m  N  ̂ °

of the latter 5 parameters and calculating values of 0^ from eqn.

(25) for each pair of concentration c^ and potential E^ values by 

an iterative numerical method. This set of calculated 0^ values was 

then used to predict a set of values using eqn. (5). For a given 

set of parameters, a value of the sum of squares of the residuals 

(i.e., errors), s = - %calculated^_^ then obtained.

The value of s is minimized with respect to variation of all five 

parameters, and standard errors in all the parameters and the root 

mean square deviation in ir are also calculated. For most of the systems, 

convergence was obtained within 5 to 20 iteration cycles provided
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reasonably good initial estimates of the parameter values were made.

In those systems where electrocapillary and capacitance data were 

available, it was often useful to fix values, which is determined 

readily from the electrocapillary curves for large concentrations of 

the organic adsorbate (i.e., at 8-*-l). In addition, C' may generally 

be estimated by measuring the capacitance of nearly saturated solution 

of the organic compound at a potential at, or very close to, the 

potential of maximum adsorption (this is easily recognized as the 

potential at which ir reaches its maximum value in ir vs. E plots par­

ticularly in solutions were 9->-l). The latter approach has also been 

used by Hansen and coworkers.

Congruence of the Electrosorption Isotherms

When ir vs In a curves at various constant potentials are 

superimposable by simply shifting the entire graph horizontally along 

the In a axis it generally means that interactions between molecules 

of the adsorbate are independent of potential (or that the constant 

a is invariant with potential); namely, the adsorption isotherms are 

congruent with respect to potential. Such behavior is typical of 

many organic compounds such as t h i o u r e a , n - b u t a n o l , ^ ^ ^  acetanilide^^^ 

and t h y m i n e . H o w e v e r ,  in the case of phenol^^’^^^ the tt vs. In a 

curves are not superimposable at different potentials. This has been 

interpreted as indicating that the phenol molecules are adsorbed parallel 

to the electrode surface at a positively charged electrode and perpen­

dicular to the electrode at a negatively charged electrode.

The fact that tr vs. In a plots are superimposable by abscissa
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translation has been widely used to prove that the adsorption isotherms
173are congruent with respect to potential. However, Parsons has shown

that superiraposability of tt vs. In a plots is not sufficiently sensitive

to provide adequate proof of the congruence of electrosorption isotherms

with respect to potential. Accordingly, the first step in interpretation

of the interfacial behavior of a molecule was to decide by a more

sensitive method whether the adsorption isotherms were congruent with

respect to potential or charge. If the adsorption isotherm is congruent

with respect to potential, it follows from Parson's proof^^^ that at

any fixed value of electrode potential the charge density, q, in the

presence of the adsorbed organic molecules should be a linear function

of the fractional surface coverage, 0, i.e. ,

q = q^(l+0)+q'0 (26)

Here, q^ and q' denote the values of charge at the same electrode

potential in the presence of pure supporting electrolyte and when

the surface is saturated (0=1), respectively. If the adsorption is

congruent with respect to charge, it follows^^^ that at any constant

value of q, the electrode potential in the presence of adsorbed

organic molecules should be a linear function of 9, i.e.,

E = E (1-9) 4- E'0 (27)w
Here E and E' are the values of electrode potential at the same q w

in the presence of pure supporting electrolyte and when the surface 

is saturated (0=1), respectively.

Isotherms (0 vs. concentration or activity) may be obtained 

by using eqn. (26) at fixed potentials or eqn. (27) at fixed charges
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to calculate 0. If the isotherms at different potentials with 9 values

calculated from eqn. (26) have the same geometrical shape, i.e., they

may be superimposed by abscissa translation, then the isotherms are

congruent with respect to potential. Alternatively, if the isotherms

at different charges with 9 values calculated from eqn. (27) have

identical geometrical shapes, then the isotherms are congruent with
88respect to charge. These tests were first proposed by Damaskin 

89and coworkers and recently have been slightly modified by Mohilner 
177et al. Both of these tests, however, rely on a fairly precise

knowledge of C ’, the capacitance of a completely monolayer covered

electrode surface (0=1) which is normally assumed to be constant and
178independent of charge and potential. Accordingly, tests for congru­

ence of the adsorption isotherms have been carried out by preparing plots 

of q vs. FRT at fixed potentials as a test of eqn. (26) and plots 

of E vs. FRT at fixed charges as a test of eqn. (27).



CHAPTER III

EXPERIMENTAL

Chemicals

Uracil was obtained from Sigma and, after drying in an oven 

for three hrs at 100°C, was used without further purification.

Adenine, N^-methyladenine(6-methyladenine), N^,N^-dimethyl- 

adenine(6-dimethyladenine), adenosine, and adenosine-5’-monophosphate 

(AMP) were obtained from Calbiochem.

N^-methylaminopurine-9-riboside(6-methyladenosine) and 

N^,N^-dimethyl aminopurine-9-riboside (or 6-dimethyladenosine) were 

obtained from Sigma.

The borate pH 9 buffer system was constituted as follows: 

17.5 g NagB^O^'lO HgO, 67.7 g KCl and 16.85 ml I M H C l  diluted to 

1 liter with deionized water. Upon dilution with an equal volume 

of water the latter buffer has an ionic strength of 0.5 M.

The fluoride pH 8 buffer consisted of 0.5 M  sodium fluoride 

which was made 0.01 M  in NagHPO^.

The phosphate buffer systems (pH 3.0, 5.0, 8.0, 11.0) were 

prepared from appropriate mixtures of H^PO^, NaH2P0 ^ •7H2O , and 

Na^PO^'lZHgO (Fisher Scientific Co., reagent grade). All buffer 

solution had an ionic strength of 0.5 M.

37
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Although commercial, triply distilled mercury (Bethlehem 

Apparatus Co., Hellertown, Pa.) could be used satisfactorily with 

the dropping mercury electrode (DME) for differential capacitance 

measurements, the mercury was further purified for use in the maximum 

bubble pressure measurement experiments. This was accomplished by 

washing the mercury at least three times with dilute (1 M) HNO^, 

then washed three times with deionized water. After careful drying 

the mercury was distilled.
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Differential Capacitance Measurement

Differential capacitance measurements were obtained by a 

phase selective alternating current polarographic method. This a.c. 

polarographic method was employed in preference to the more conventional 

impedance bridge method^^^’^^^ because of its relative ease of use.

In addition, Jehring^^^’^^^ has convincingly demonstrated that a.c. 

polarography is a very suitable method for measurement of differential 

capacitance and provides data that may be used for quantitative inter­

pretation of adsorption phenomena at electrodes.

In a.c. polarography a slow, linear potential sweep is applied 

(which is the same as in d.c. polarography), and in addition a small, 

sinusoidal potential is superimposed on the d.c. ramp potential. 

Typically, the alternating potential has a frequency of 100 Hz and an 

amplitude of 10 mV. The potential the electrode actually sees is 

an alternating potential oscillating around the value of the linear 

potential. The utility of a.c. polarography in measuring differential 

capacitance stems from the fact that the current which is used to 

charge the electrical double layer, called the charging current, is 

directly proportional to the differential capacitance of the double 

layer at the interface. A.c. polarography can be used to measure 

this charging current by taking advantage of the fact that it is 90“ 

out of phase with the applied alternating potential. Phase-selective 

amplifiers are used to select only that current which is 90“ out of 

phase with the applied potential. A Princeton Applied Research Corp­

oration (PAR) Model 121 Lock-in Amplifier/Phase Detector was employed 

for this purpose. It was used in conjunction with a PAR Model 174
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Polarographic Analyzer and a PAR Model 174/50 A.C. Polarographic

Analyzer Interface.

The usual polarographic dropping mercury electrode (DME) was
118used following siliconization. This procedure involved, first,

cleaning the capillary by pulling through it a small volume of water,

then dilute nitric acid. Then, several milliliters of water were pulled

through, followed by a large enough volume of acetone to thoroughly

dry the capillary. Water vapor was pulled through the capillary by

hanging it over a boiling water bath for 5 minutes. It was then

immediately dipped into dichlorodimethylsilane so that this, too, was

pulled into the capillary. After the capillary was completely wetted

with the silane, it was again suspended over boiling water, and the

siliconization procedure was repeated. The capillary was dried with

air for three hours, and about 2 cm of the tip was removed before use.

The DME was equipped with a mechanical drop dislodger.

A pool of mercury inserted at the bottom of a thermostatted

5 ml-capacity cell served as the counter electrode. A saturated calomel

reference electrode (SCE) was positioned close to the DME using a

fine Luggin capillary. (All potentials are referred to the SCE at

25®C.) The d.c. potential was scanned at a sweep rate of 0.005 V/sec.

All a.c. polarograms and alternating current vs. time curves were

recorded on a Hewlett Packard Model 7001A X-Y recorder.

The polarographic cell may be considered as an electric

circuit consisting of a capacity (C) of the double layer and resistance
119(R) of the solution in series. The current can be given by the 

equation
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:  —  (28)

Cw^

where AE is potential applied

w is the angular velocity of the a.c. potential (u = 2irf) 

f is the frequency of the a.c. potential 

From eqn, (28),

I = — —  ' ■ (29)
y P c V T T

For small values of R (less than 1 K  0) and relatively low frequency 

(f < 100 Hz), eqn. (29) reduces to

I = 2rfCAE (30)

C = 2TTfAAE (31)
2where C is the differential capacity (yF/cm )

I is the charging current (yA)

AE is the amplitude of the applied alternating potential (mV)

A is the surgace area of the DME at the time current is sampled 

(cm^).

This equation is valid as long as the resistance of the test solution

is small and the frequency of the applied alternating potential is 
119low. The PAR instrumentation required calibration to this equation 

prior to making measurement on test solution. For calibration purposes, 

a 1.00 + 0.01 yF capacitor (Southern Electronic) was used in place of 

the polarographic cell. Because the capacitance of the precision 

capacitor was known, the value of the charging current given by the 

PAR instrumentation could be compared with the expected value. Any
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discrepancy in the two values was compensated by a calibration factor,

F^, which is the ratio of the charging current calculated to that

given by the PAR instrumentation.

If the formation time of the double layer is less than the

half-period of the applied alternating potential, the differential
119capacitance must be independent of frequency. Alternatively, if 

the frequency of the applied potential is so large that any adsorbed 

uracil derivative cannot adsorb or desorb as fast as the potential 

oscillates, then a.c. equilibrium does not exist. Variation of the 

differential capacitance with a change in frequency of the applied
120a.c. potential is often observed, particularly with solid electrodes. 

Usually this variation is linear, and in many instances differential 

capacitance is reported as the value extrapolated to zero frequency.

For all of the compounds in this study measurements of dif­

ferential capacitance between 10 and 200 Hz indicated no dependence 

on frequency at any potential. This was tested by measuring the 

charging current of two solutions of varying concentrations for each 

compound at frequencies of 20, 100, and 200 Hz. The differential 

capacitance was then calculated from equation (31). It was not 

possible to measure differential capacitance at frequencies greater

than 200 Hz because the a.c. polarographic method is restricted to
121relatively low frequencies. However, because of the absence of 

any significant frequency dispersion over the frequency range observed, 

all differential capacitance data in this study were measured at 100 

Hz and with a modulating potential of 10 mV peak-to-peak. Most of 

the compounds investigated in this study showed frequency independence
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of the double layer capacitance below 500 Hz. However, certain methyl 

derivatives of adenosine exhibit frequency dependence of the capacitance. 

In Figure 4, typical examples of such a test for a.c. equilibrium tests 

are shown.

Sometimes, particularly with very high molecular weight organic 

species, the time required for the interfacial region to come to equili­

brium at a given d.c. potential can be very long. However, for the com­

pounds used in this study, the value of the differential capacitance per 

unit area of electrode at a fixed frequency of 100 Hz (where a.c. equili­

brium was known to exist) was found to be constant at times greater than 

one second after application of potential. This was true over the entire 

range of potentials studied. The same solutions used in the a.c. equili­

brium study were used to record current versus time curves over the entire 

drop life of the DME at -0.5 V, -1.0 V and -1.5 V. A similar curve was 

recorded for the pH buffer solution alone. Ratios of charging current 

for test solutions containing organic compound to charging current for 

the background solution taken at one-second intervals over the drop 

lifetime were constant, indicating d.c. equilibrium after one second. 

Typical examples of such a d.c. equilibrium test are shown in Figure 5.

For convenience, all subsequent measurements were made with

a controlled drop time of two seconds, and the current was sampled

shortly second) before the end of the drop life time (namely, 1 15/16

sec after the dislodging of the drop). The siliconized DME had a flow

rate of 1.1415 mg/sec at open circuit. The drop area at the time of
2sampling was 0.01669 cm . The a.c. polarograms were normally recorded 

between -0.2 V  and -1.8 V.
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Fig. 4 A

Test of a.c. adsorption equilibrium on uracil (30.00 i#) in pH 11 
phosphate buffer. The constancy of the current-to-frequency ratio 
implies that the capacitance is independant of frequency.

•  at - 0.4 V, A at - 1.0 V.
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Fig. 4 B

Test of a.c. adsorption equilibrium on 6-methyladenosine (1.0 mM) in 
pH 8 fluoride buffer. The capacitance is independant of frequency 
at - 0.4 V (•), however it decreases significantly as frequency 
increases at - 1.2 V (A). 6-dimethyladenosine exhibits similar 
frequency dependence of capacitance.
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Fig. 5 A

Test for d.c. adsorption equilibrium on uracil in pH 8 phosphate buffer. 
The time independence of the capacitance ratio, C%/Cg , indicates a 
rapid ( at least within 1 sec ) establishment of adsorption 
equilibria, where C. is capacitance of the background electrolyte
solution without uracil and C is capacitance of the electrolyte
solution with the organic adsorbate.

1.00 nM solutionC#), 30.00 mM (A) at - 0.5 V ( v s . SCE )

1.00 ntfl solution(O), 30.00 mM (A ) at - 1.0 V .
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Fig. 5 B

Test for d.c. adsorption equilibrium on 6-dimethyladenosine in pH 8 
fluoride buffer ( C.5 M  NaF plus 0.01 M  NagHPO^).

0.03 mM (♦), 1.00 mM ( • )  at - 0.5 V ( vs. SCE )

0.03 mM (O), 1.00 utL (O ) at - 1.2 V

The time dependence of the capacitance ratio is especially noted in 
the 0.03 mM solution at - 0.5 V ( ♦ )  and 1.00 nM solution a t - 1 . 2 V  (O). 
6-methyladenosine exhibits similar time dependence of capacitance.
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A computer program developed in this laboratory was used to 

integrate the capacitance data numerically to obtain surface charges, 

surface tensions and surface pressures (See Appendix).
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Direct Surface Tension Measurements Using Capillary Electrometers

The apparatus utilized to measure interfacial tension directly

with a capillary electrometer using a maximum bubble pressure tech-

nique^^^’^^^ is shown schematically in Figure 6. This apparatus is
122similar to that used by Broadhead et al. A  Brinkman/Wenking Model 

LT73 potentiostat was utilized. The location of the mercury in the 

pyrex capillary was observed with a Gaertner 2206-A cathetometer 

through an optically-flat quartz window sealed in one side of the cell 

(Fig. 6). The cell was water-jacketed and maintained at a temperature 

of 25.0 ± 0.1°C. The pressure at the mercury-test solution interface 

was varied by adjusting the pressure of the air above the mercury by 

means of a syringe and two microburets. The coarse-adjust utilized 

a 20.0 ml plastic syringe, while fine pressure adjustment was accom­

plished with two Gilmont 2.0 ml micrometer burets. A Mensor Corporation 

quartz manometer pressure gauge was used to measure the air pressure.

Two different types of capillary were employed. The first was 

a simple drawn-out pyrex capillary which dipped vertically into the 

test solution, i.e., the apparatus shown in Fig. 6 which is a classical 

Lippman capillary electrometer. For these capillaries interfacial 

tension was measured when the mercury column was adjusted to a reference 

point which is 1 ram above the tip of the capillary. At this point the 

internal radius was 0.00297 cm. The second capillary was an inverted 

J-shaped pyrex capillary; this capillary was siliconized in a manner 

analogous to that used for the DME in the a.c. polarographic capacitance 

measurements. With the latter capillary the pressure was adjusted 

in the apparatus shown in the Fig. 6 until mercury drops start to form
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Fig. 6
Apparatus for direct measurement of interfacial ( or surface) tension 
at the mercury/solution interface.
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at the capillary tip. This method is identical to a maximum bubble

pressure experiment which is commonly used to measure surface tension
123at the air/liquid interface. The internal radii of the pores at

the tip of the two J-shaped capillaries used were 0.00118 cm and 0.00189

cm. The total pressure on the mercury-electrolyte interface was the

value measured on the Mensor pressure gauge added to the mercury head

over the capillary. The depth of immersion of the capillary into the

solution was accurately (to ±0.01 cm) measured with the cathetometer

so that a small correction for the back hydrostatic pressure could be

subtracted from the total pressure.

In the case of the conventional simple, drawn-out straight

capillary the total measured pressure, AP, is directly proportional to

the interfacial tension, , and inversely proportional to the capillary
123radius by the relationship

AP = - ^  (32)

where r is the internal radius of the capillary at the predetermined 

reference point. The same equation applies in the maximum bubble 

pressure method except that r refers to the internal radius of capillary 

at its tip.

The values of radii, r, for both capillary were determined

with a 0.100 M HCIO^ solution where the interfacial tension at -0.500 V
122at 25°C is 425.56 dyne/cm according to Hansen et al. All potentials 

are referred to the saturated calomel electrode (SCE) at 25°C.

Data points were normally taken at 50 mV intervals between 

-0.2 V and -1.8 V. In the case of the vertical capillary, several



52

drops of mercury were expelled from the tip before the electrocapillary

curve at each concentration was measured.

With the maximum bubble pressure (MBP) method it was found

that once the pressure had been reached at which bubble formation occurred

the flow of mercury could not be stopped unless the pressure within the
124system was drastically reduced. Schiffrin " has suggested that this 

effect is probably caused by the mechanical momentum associated with 

the moving liquid inside the capillary. Further information on the 

maximum bubble pressure technique can be found in the reports of 

Schiffrin^^^ and Lawrence and Mohilner.
127In potassium fluoride (NaF) solution Lawrence et al. and 

124Schiffrin noted that interfacial tension data obtained by measurements 

with a conventional capillary electrometer (i.e., with a straight 

capillary) were at variance with the integrated capacitance results, 

particularly at potentials at or more positive than the ECM potential.

This effect is apparently due to variations of the wetting properties 

of the glass capillary at positive electrode polarizations leading 

to changes in the contact angle between mercury and glass.

This effect was investigated for the 0.5 M  NaF plus 0.01 M 

Na^HPO^ buffer solution (pH 8.0) used here by comparing interfacial 

tension vs. potential curves for the pure background electrolyte 

solution obtained with a conventional capillary electrometer (vertical 

capillary), with a maximum bubble pressure method (J-shaped capillary) 

and by double integration of capacitance vs. potential curves. Typical 

results are presented in Fig. 7 where it is seen that there is excellent 

agreement between the latter results and those obtained by use of the
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Fig. 7
Interfacial tension vs. potential curves for 0.5 M NaF plus 0.01 M
Na^HPO^ buffer pH 8. Solid line( --- ) is the curve measured by the
maximum bubble pressure method (J-shaped capillary); dashed line( )
is the curve measured with the conventional capillary electrometer (
vertical, straight capillary). The points(#) are values obtained by

138double integration of capacitance data.
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conventional vertical capillary electrometer, particularly at potentials 

close to and positive of the ECM. Indeed, the ECM potential measured 

by the maximum bubble pressure method (-0.433 V) differed significantly 

from that obtained by the use of the vertical capillary electrometer.

Similarly, comparison of charge vs. potential curves (Fig..8) 

obtained by the differentiation of y v s . potential curves, indicates 

that there is excellent agreement between data obtained from capacitance 

and the MBP method. Again, a pronounced deviation of charge data ob­

tained from the vertical capillary electrometer results is noted at 

or positive of the ECM. Because of the discrepancy between the vertical 

capillary electrometer results and those obtained by capacitance and 

MBP method, only the latter two techniques were utilized extensively.

In order to obtain charge values from the electrocapillary 

data obtained with the MBP method, a set of surface tension data as 

a function of potential was first fitted to a sixth order polynomial 

of the type shown in eqn. (33).

Y = a ^ ( E - E ^ ) ( E - E ^ ) ^ + a ^ ( E - E ^ >  \a^(E-E^)^+ag(E-E^)® (33)

where E^ is the potential of the electrocapillary maximum (i.e., ECM) .

A nonlinear least squares procedure was employed to obtain optimum 

values of all six parameters (namely, a^, a^, a^, a^, a^ and E^).

The root mean square (RMS) deviation observed over all concentrations 

for each adsorbate was about ±0.2 dyne/cm. The use of polynomials 

of higher degree did not improve the y vs. E fit.

Charge (q) v s . potential (E) curves were then obtained 

by analytical differentiation of the y, fitted to eqn. (33), with
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Charge vs. potential curves for 0.5 M NaF plus 0.01 M Na^HPO^ buffer pH 8.
Solid line( --- ) is the curve measured by the maximum bubble pressure
method(J-shaped capillary); dashed line( --- ) is the curve measured with
the conventional capillary electrometer(vertical capillary). The points 
( •  ) are values obtained by single integration of capacitance data.^^^
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respect to potential, hence

q = 2a^(E-E^)+3ag(E-E^)^+4a^(E-E^)^+5a^(E-E^)\sa^(E-E^)^ (34) 

Capacitance can be also obtained from the electrocapillary 

interfacial tension curve by double differentiation of eqn. (33), namely, 

differentiating eqn. (34) with respect to potential yields eqn. (35).

C = ||=2a^+6a2(E-E^p+12a2(E-E^j)^+20a^(E-y\30a5(E-E^)^ (35)

All data treatment to calculate surface tension (y), surface 

charge (q) and capacitance from the measured pressure was carried out 

by a computer program developed by the author in this laboratory (See 

Appendix).

In Fig. 9, the capacitance values obtained directly from the 

a.c. polarographic method and those obtained from the double differentia­

tion (i.e., eqn. (35)) of the y v s . E curve from the MBP method were 

compared. There is a good agreement between the two methods, particularly 

in the potential region of -0,5 V to -1.6 V. The discrepancy in the 

capacitance values from the two different methods in the extreme po­

tentials is probably due to the inaccuracy in the algebraic expression 

of surface tension as function of potential, i.e., eqn. (33),
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Fig. 9

Differential capacitance vs. potential curve for fluoride pH 8 buffer 
solution ( 0.5 M  NaF plus 0.01 M  Na^HPO^ ).

#  obtained directly from the a.c. polarographic method.

obtained indirectly by the double differentiation of interfacial 
tension vs. potential curve obtained from the maximum bubble 
pressure measurements.



CHAPTER IV

EFFECT OF pH ON THE INTERFACIAL BEHAVIOR OF URACIL

Recently, the adsorption behavior of uracil, various uracil

derivatives, uridine, uridine-5'-monophosphate and uridine-3-5’-cyclic
138monophosphate was reported. Basically, it was found that all these 

uracil derivatives exhibit an initial "dilute" adsorption region where 

the virtually flat uracil residue is adsorbed flat on the electrode 

surface, i.e., with the plane of the ring atoms parallel to the electrode 

surface. However, uracil, 5-methyluracil (thymine) and 1,5-dimethyl- 

uracil exhibited a second adsorption region where they rearrange on 

the surface and adopt a perpendicular orientation. In the perpendicular 

surface orientation it was proposed that the uracils bind to the elec­

trode surface through the N(3)-H or perhaps N(l)-H functions. However, 

only a limited number of methylated uracil derivatives were examined 

in the latter studies. In addition, such studies were restricted to a 

sodium fluoride (0.5 M ) , sodium phosphate (0.01 M  Na2HP0^) pH 8.0 

supporting electrolyte system.

This report is concerned with the electrosorption and related 

interfacial behavior of uracil over a wide range of pH. The pH range 

was selected to permit study of the behavior of the neutral uracil 

molecules and also the anionic species which forms at high pH.
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Results

Some typical differential capacitance versus potential (C 

versus E) curves for uracil at pH 3.0, 5.0, 8.0, and 11.0 are pre­

sented in Fig. 10. At pH 3, 5 and 8 and uracil concentrations up to 

about 20 there is a general depression of capacitance, compared to 

the pure background electrolyte solution, between about -0.1 V and 

-0.7 V followed by a broad adsorption/desorption peak at more negative 

potentials (Fig. lOA, B, C). At bulk solution uracil concentrations 

of about 22 mM and above a very sharply defined capacitance pit is 

noted at pH 3, 5 and 8 centered about -0.55 V. As the uracil concen­

tration increases the depth of the capacitance pit remains unchanged 

although it systematically becomes wider.

At pH 11.0 the C versus E curves have a considerably altered 

appearance (Fig. lOD) compared to those observed at pH 8.0 and below. 

Between about -0.2 V and -0.9 V the capacitance first increases with 

increasing uracil concentration, then decreases with concomitant forma­

tion of a broad adsorption/desorption peak which shifts progressively 

toward negative potential. The anomalous capacitance pit does not form 

at pH 11.0 until the concentration of uracil reaches about 65 nM 

compared to ca. 24 mM at pH 8.0 and below.

The C versus E curves presented in Fig. 10 clearly support 

the view that there are two regions of adsorption. The "dilute" ad­

sorption region corresponds to concentrations of uracil where a 

capacitance pit is not observed at any potential. The second, capaci­

tance pit region, corresponds to potentials and concentrations where 

the capacitance pit is observed.
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Fig. 10

Differential capacitance versus potential curves for uracil 
at (A) pH 3.0, (B) pH 5.0, (C) pH 8.0 and (D) pH 11.0 in phosphate 
buffers having an ionic strength of 0.5M. Curves were obtained 
at a frequency of lOOHz and an amplitude of lOmV peak-to-peak. 
Concentrations are shown in the figure.
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It may be noted in Fig. 10Â-D that all concentrations of

uracil give C versus E curves which coincide with the pure background

electrolyte curves at very negative potentials. Accordingly, for

uracil concentrations corresponding to the dilute adsorption region,
128the back-integration method of Grahame et a l . was used to calculate 

the charge, q, and interfacial tension of the mercury-electrolyte 

interface. The detailed theory and procedures for such calculations 

are presented in Chapter II.

Interfacial tension data were also measured directly by means 

of the maximum bubble pressure technique, particularly at potentials 

and uracil concentrations where the anomalous capacitance pit appeared.

Dilute Adsorption Region at pH 3, 5 and 8

In the dilute adsorption region at pH 3, 5 and 8 the inter­

facial tension results were first used to calculate the surface 

spreading pressure, ir, as a function of uracil activity, a, and 

electrode potential, E, using eqn. (36)

•n-(E) = y^(E) - y(E) (36)

where is the value of y for the pure background electrolyte solution

at a=0. Concentrations of uracil were taken as equal to activity 

throughout this study since the concentration was very low.

Plots of surface spreading pressure, ir, versus the logarithm 

of activity of uracil at pH 3, 5 and 8 were superimposable by abscissa 

translation as shown in Fig. IIA, B, C. The continuous line in these 

figures represent the best fit of ir, a and E data to the empirical 

equation.
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Fig. 11

Compositeirversus a plots for uracil at (A) pH 3.0, (B) 
pH 5.0 and (C) pH 8.0 in phosphate buffers having an ionic 
strength of 0.5M. The rms deviation in ir from the calculated 
curve (continuous line) is for (A) 0.10, (B) 0.10, and (C) 0.07 
dyne cm . Data obtained from capacitance results.
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IT = A[ln(l+Ba)] [1 + — 5̂ 5— +  — + ..... ] (37)
(1+Ba) (1+Ba)^

This equation is equivalent to the Langmuir equation at sufficiently

low concentrations (or if a = 6 ... = 0). A is equal to F RT, where Fm  m
is the surface excess of uracil at 9 = 1. Regardless of the values

which are determined for a, B, ... in eqn. (37), dir/dlna approaches

F^RT as a ->■ ». The parameter B is dependent on potential, and this

adsorption coefficient B is related to the free energy of the adsorption
179at each potential by the relationship

AG = -RT InB (38)

If data are to be fitted simultaneously at several different potentials, 

separate B values must be inferred at each potential. A  non-linear least 

squares procedure was employed to obtain optimum values of all para­

meters. In practice, data were fitted initially by assuming a = g =

... = 0, and the least squares values of A, B, and the root mean square 

deviation (rmsd) in it are determined. Then, the process is repeated 

with a introduced as an additional parameter, and the least squares 

values of a. A, B and rmsd are inferred. If the rmsd is significantly 

smaller than the rmsd for the previous fit, the process is repeated 

again, with g included as parameter. In the case of uracil at pH 3,

5 and 8, the composite fit of ir, a and E data was obtained with the 

equation
“ -  ■' (39)TT = A[ln (1+Ba)] ^1+ eta

(1+Ba)^
Having obtained a composite fit for ir and a at several dif­

ferent potentials, such as those shown in Fig. 11, the same functional
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form of eqn. (37) was used to fit if and a data at individual potentials 

between -0.3 V and -1.2 V. In view of the fact that very good composite 

IT versus In a plots were obtained (Fig. 11) it was concluded that at 

all potentials the value of r^RT (A in eqn. (37)) was constant. This 

constant value of A  was used in fitting ir and a data at individual 

potentials. Analytical differentiation of the it versus In a fits of 

curves at individual potentials was used to calculate values of TRT 

at various concentrations and potentials using the Gibbs adsorption 

equation (eqn. (40)).

TRT . ^  (40)

Congruence of adsorption isotherms with respect to potential 

was tested by preparing plots of TRT, calculated by differentiation 

of fixed potential it versus In a curves, versus electrode charge, q.

A representative plot of q versus TRT for uracil at pH 3 is presented 

in Fig. 12. Similar plots were obtained at pH 5 and 8. Clearly, 

linear q versus TRT plots are observed over a large range of potentials, 

which implies that the electrosorption isotherms for uracil between 

pH 3 and 8 are congruent with respect to potential. The latter con­

dition of congruence prevailed at -0.3 V and at all more negative 

potentials until total desorption of uracil occurred.

Plots of electrode charge, obtained from a single integration 

of C versus E data, versus electrode potential for a range of uracil 

concentrations at pH 3, 5 and 8 exhibited a single, sharp crossing 

point. Such a plot, obtained for results at pH 3.0, is presented in

Fig. 13. Almost identical plots were obtained at pH 5 and 8. At pH
_23 the common crossing point occurs at -0.425 V and +0.19 pc cm ,
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Test of congruence of the electrosorption isotherms of uracil 
at pH 3.0 with respect to potential. Supporting electrolyte: 
phosphate buffer, ionic strength- 0.5M. Potential values are 
indicated in the figure. Data obtained from capacitance results.
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Charge versus potential plots for uracil in phosphate buffer 
pH 3.0 having an ionic strength of 0.5M. Conentrations are shoim 
in the figure.
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these values corresponding to the potential and charge of maximum ad-
89sorption. At pH 5 the potential of maximum adsorption was -0.404 V 

and the corresponding electrode charge +0.83 pc cm the values at 

pH 8 were -0.375 V and +1.48 yc cm

In view of the fact that the adsorption isotherms of uracil 

between pH 3 and 8 were congruent with respect to potential, experi­

mental IT, E and a data were fitted to the generalized form of the 

Frumkin isotherm equation (eqn. (25)).
2

= B^a exp(2a0)exp(- ) +  C'EE^- ^-|-]) (25)
m

The non-linear least squares procedure which was described 

previously (See Chapter II) was used to fit experimental values of it, 

a and E to equation (25) and to obtain the best values of the five 

unknown parameters, i.e., a, B , r , E„ and C .O IQ iN

The fact that the adsorption of uracil between pH 3 and 8 

follows the Frumkin model was tested by preparing the reduced isotherms 

shown in Fig. 14. The experimental data in Fig. 14 were obtained by 

analytical differentiation of ir versus In a plots. The continuous 

lines represent the best fits of all it, E and a data at potentials 

where the isotherms are congruent with respect to potential. Quite 

clearly, the experimental points, obtained without assuming any physical 

adsorption model, are in excellent agreement with the Frumkin isotherm 

(Fig. 14).

By detailed analysis of it, E and a data using the Frumkin 

adsorption equation (eqn. (25)) in the dilute adsorption region for 

uracil at pH 3, 5 and 8 the results shown in Table 2 were obtained.
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Fig. 14

Reduced adsorption isotherms for uracil at (A) pH 3.0, (B) pH 
5.0 and (C) pH 8.0 in phosphate buffers, ionic strength 0.5 M. 
The solid line is the best fit of all ir, E and a data to the 
generalized Frumkin equation with the values of a, Bq , F^RT, C' 

being shown in the figure. Data obtained from capacitance 
results.



TABLE 2

Parameters of the generalized Frumkin isotherm for uracil determined from differential capacitance 
methods at various pH values in the dilute adsorption region.

pH® a Bq x IO^ 
(1 mol

AG°h
(cal) (pF cm

V
(Volt \^. SCE)

rni 2 
(mole cm
xlO^O)

Area per 
molecule 

(%2)

rmsd® in
IT (dyne

-Ixcm )

3 0.85+0.06 0.091+0.004 -2673+28 13.93i0.48 -0.425+0.006 2.3810.11 7013 0.102

5 0.54±0.08 0.156±0.007 -2991+34 14.42+0.48 -0.44510.005 2.3010.13 72l4 0.095

8 0.59+0.05 0.123±0.004 -2851±14 13.8510.35 -0.44510.004 2.5410.09 6612 0.070

8^ 0.45±0.08 0.158±0.005 -2996+21 14.2810.38 -0.474+0.003 2.6010.12 6413 0.156

11& 1.72±0.03 0.007±0.001 -1159±82 12.11+0.54 -0.320+0.027 2.45+0.12 68+3 0.081
o

Phosphate buffers having an ionic strength of 0.5 M unless otherwise stated.

^AG° = Rt In Bq is the standard free energy of adsorption for uracil at the ECM potential for the 
pure supporting electrolyte (-0.430 V at pH 3, -0.429 V at; pH 5, -0.427 V at pH 8 and -0.425 V at 
pH 11.

^^Capacitance of a monolayer covered electrode.

^ECM potential when 0 = 1.0.

^Root mean square deviation.

0.5 M  NaF plus 0.01 M  HPO^ pH 8.0; data from reference 138.

^Isotherm analyzed as a function of charge rather than potential as at all lower pH values; see text 
for discussion.
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Dilute Adsorption Region at pH 11

By double back-integration of experimental C versus E curves

obtained for uracil at pH 11.0, it was possible to obtain interfacial

tension, y» and hence surface spreading pressure, ir, data as a function

of E and a as described earlier. However, it was found that plots of

IT versus In a at different potentials were not superimposable by

abscissa translation as was the case at pH 8 and below. Consequently,
129 130as recommended by Parson et al. * ir values were computed as a 

function of a at various values of electrode charge, q, rather than 

at various electrode potentials, i.e.,

ir(q) = ir̂ (q) - ir(q) (40)
A composite fit of ir as a function of a and q was then obtained using 

eqn. (37). It should be noted, however, that the term B in eqn- (37) 

now becomes dependent on q instead of E. Between electrode charge 

values of ca. -6 to -12 yc cm ir versus In a curves were readily 

superimposable by abscissa translation as shown in Fig. 15. Such 

plots strongly suggest that the electrosorption isotherms for uracil 

at pH 11 are congruent with respect to electrode charge rather than 

with respect to electrode potential. This suggestion was further 

supported by the fact that plots of electrode potential versus rRT 

at values of constant charge were linear at electrode charge values 

of -6 yc cm ^ and more negative (Fig. 16).^^^ The TRT values for the 

latter test were obtained by analytical differentiation of ir v s . In a 

curves obtained at several individual q values.

It might also be noted that plots of q va. E for various con­

centrations of uracil at pH 11 did not give a common crossing point as
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Fig. 16

Test of congruence of electrosorption isotherms with respect to 
charge for uracil in phosphate buffer pH 11.0, ionic strength
0.5 M. Charge values are indicated in the figure. Data obtained from 
capacitance results.
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was noted at pH 3, 5 and 8 (see for example, Fig. 13). This could 

indicate that the value of the electrode potential and charge of maxi­

mum adsorption lie at potentials more positive than those accessible 

at the mercury electrode. Alternatively, such behavior could be in­

dicative of a strong chemisorption effect or adsorbate reorientation
131process occurring at positive electrode potentials and charges.

In view of the fact that the electrosorption of uracil at pH

11 appeared to be congruent with respect to electrode charge rather than

electrode potential, analysis of ir and a data was carried out as a
132function of electrode charge. It has been demonstrated that if the 

adsorption coefficient B is a charge-dependent term that eqn. (41) is 

valid.

E = -r R T ( ^ ^ )  e +  E (41)m  dq o

where E^ is the potential corresponding to a given charge, q, where 

0=0. Accordingly,

dlnB ®o~^'
dq r RT m

where E' is the value of E when 0 = 1.0. In addition.

(42)

E ’ = q / C  +  E^ (43)
133if C  is a constant, independent of a charge. Hence,

dlnB ^
dq r RTm

(44)

Solving this equation gives eqn. (45):

B = B^ exp{y-^ [ (Y^(q=o)-Y^Cq)) - ( ^  + E^^q]} (45)
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where is the adsorption coefficient at q=0.

Substituting eqn. (45) into the Frumkin equation (eqn. 6)

= Ba exp (2a9) (6)

gives a generalized form of the Frumkin equation (eqn. (44)) which 

differs from eqn. (25) principally because

= B^a exp (2a0)exp{-jr^ [(Y^(q=0)-Y^(q)) - (ggT + E^^q]} (46)
m

of the fact that B is the function of charge rather than potential. A 

non-linear least squares method very similar to that described previously 

to solve eqn. (25) was developed to fit tt, q and a data to obtain values 

of a, B^, r^, Ejj and C ’. Only ir and a data obtained at q values where 

the congruence condition prevailed were used in this analysis. The 

results of such an analysis for the electrosorption of uracil at pH 

11 are presented in Table 2. That the electrosorption of uracil at 

pH 11 is adequately described by the modified form of the Frumkin equation 

(eqn. (46)) can be seen by reference to Fig. 17. The experimental TRT 

data in this figure were obtained by analytical differentiation of ir 

versus In a plots at individual charge values. The continuous line 

represents the best fit of all ir, q and a data to equation (46) at 

charge values where the isotherms are congruent with respect to charge.

As noted previously, the individual experimental points are obtained 

without assuming a particular physical adsorption model, and are in 

reasonable agreement with the Frumkin isotherm.
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Reduced adsorption isotherm for uracil in phosphate buffer pH 11.0, 
Ionic strength 0.5 M. The solid line is the best fit of all 
TT, E and a data to the generalized form of the Frumkin equation 
(eg. 12) with the values of a.Bg, T^RT, C* and being shown in 
the figure. Data obtained from capacitance results.
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Capacitance Pit Region

Since there is no simple way to integrate C versus E curves 

in the capacitance pit region to easily calculate interfacial tension 

data, it was necessary to measure such data directly using a maximum 

bubble pressure technique. Uracil solutions at pH 3, 5 and 8 first 

exhibit the capacitance pit at bulk solution concentrations of about 

21 significantly below the saturation limit of this compound, so 

that values of interfacial tension and hence it could be obtained over 

a relatively large range of concentrations where the capacitance pit 

occurs. However, at pH 11 the capacitance pit only appears at uracil 

concentrations of 65 nW which corresponds to a saturated solution. 

Accordingly, it was not possible to obtain ir values over a sufficiently 

large range of uracil concentrations to allow determination of 

values at pH 11.

Nevertheless, at pH 3, 5 and 8 plots of ir versus In a for 

uracil at potentials where the capacitance pit could form exhibited a 

sharp change in slope at concentrations where the capacitance pit 

occurred (Fig. ISA, B, C). Since the limiting slope of the ir versus 

In a plots in the dilute adsorption region is smaller than that in the 

capacitance pit region, it may be concluded, from eqn. (40), that the 

maximum surface excess of uracil in the capacitance pit region is si­

gnificantly greater than in the dilute region. In other words, assuming 

monolayer coverage in both adsorption regions, the area occupied by 

one uracil molecule in the capacitance pit region is considerably less 

than in the dilute adsorption region, i.e., a more compact film is 

formed in the capacitance pit region. Values of and the electrode



24.0

20.0

16.0

12.0

8 8.0
CO

4.0

0.0 0.0 1.0 2.0 3.0 4.00.0 1.0 2.0 3.0
In a

0.0 1.0 2.0 3.0

CO

Fig, 18 Surface spreading pressure, tt, versus In a  plots for uracil at 
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mental points obtained at -0.5V in the dilute adsorption region; 
the solid squares (■ ) refer to experimental points obtained at 
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the maximum bubble pressure method.
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area occupied by a single uracil molecule in the two adsorption regions 

are presented in Table 3.

At each pH where measurements were possible it is noted that 

the electrode surface area occupied by uracil decreases by more than 

40 per cent on passing from virtual surface saturation in the dilute 

region to surface saturation in the capacitance pit region.
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TABLE 3

Area occupied by one uracil molecule at maximum surface coverage 
in the dilute and capacitance pit region between pH 3 and 8.

pH I’m— 9(mole cm “ X lolO)
Area per molecule (Â^)

Dilute adsorption 
region

Capacitance 
pit region

Dilute adsorption Capacitance 
region pit region

3 2.38±0.11 4.44±0.95 7013 3914

5 2.30+0.13 3.9910.35 7214 4214

8 2.54+0.09 4.5110.85 6612 3717

11 2.45±0.12 b 6813 b

Phosphate buffers, ionic strength 0.5 M.

Insufficient tt vs. In a data to allow calculation of T and an area. —  m
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Discussion of Results

The results reported in Table 2 for the electrosorption of

uracil reveal that in the dilute adsorption region the area occupied
2by one molecule at monolayer surface saturation is 69 ± 5 &  regardless 

of the pH of the solution and whether uracil exists as a neutral mole­

cule or, at pH 11, as its monoanion (pK^ = The results

reported here were all obtained in phosphate buffers maintained at 

an ionic strength of 0.5 M. Such buffers were utilized because phos­

phate anions are apparently not specifically adsorbed on the mercury

electrode surface in the range of potentials of interest in this 
136 137study. ' It might be noted that the parameters reported for the

electrosorption of uracil at pH 8 in 0.5 M  NaF plus 0.01 M  NagHPO^
138pH 8.0 (Table 2) are essentially indistinguishable from those ob­

served in this study.

At pH 8 and below the lateral attraction coefficient, a, is 

small but positive. Such values indicate, perhaps, a weak intermolecular 

interaction between adsorbed uracil molecules. However, the rather 

large, positive value of a at pH 11, when uracil exists as its monoanion, 

indicates a relatively strong intermolecular attraction between the ad­

sorbed species. The sigmoidal appearance of the electrosorption iso­

therm of uracil at pH 11 (Fig. 17) is also characteristic of a relatively
139strong lateral interaction between surface adsorbed molecules.

It is likely that in its anionic state enhanced hydrogen bonding be­

tween adjacent uracil molecules or uracil and bridging water molecules 

occurs hence influencing the value of a.

The area occupied by one molecule of uracil at monolayer
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surface saturation in the dilute adsorption region is essentially
2

independent of pH at 69 ± 5 Â (Table 2). It was reported earlier

that the area projected for one uracil molecule adsorbed on the surface

in a flat surface orientation, i.e., with the plane of the ring atoms

parallel to the electrode surface, was 53 A “ (Fig. 19).^^^ The present

results, as well as those of the previous study, thus support the view

that the uracil molecules do in fact adopt a flat orientation in the

dilute adsorption region with the surface not covered with uracil being

covered by water molecules.

Between pH 3 and 8 and at concentrations and potentials where

uracil exhibits the anomalous capacitance pit the decrease in area

occupied by each molecule to 39 ± 3 A (Table 3) strongly supports
137 138the earlier suggestion ’ that the uracil molecules undergo a sur­

face reorientation and adopt a perpendicular stance. It has been 

suggested that the binding of uracil occurs through the hydrogen at 

N(3), that is, an interaction resembling hydrogen bonding occurs be­

tween uracil and the electrode surface (Fig. 20). It was further 
137suggested that the hydrogen at N(l) could also participate to some 

extent in binding the perpendicularly adsorbed uracil to the electrode 

surface. However, the N(l)-H group was thought to be the weaker 

perpendicular binding site. This conclusion was based on results of 

studies of several uracil derivatives, in which it was found that if 

the N(3) position was methylated the uracil molecule could not adopt 

a perpendicular surface stance (i.e., capacitance pit). However, cer­

tain N(l) substituted uracil derivatives could adopt a perpendicular
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7.SA

Fig. 19 Real and projected areas of uracil. Van der Walls radii
for C, H, N and 0 used were 1.65 A, 1.2 A, 1.5 A and 1.4 A, 
respectively.2 The area enclosed within the«van der Waals 
radii is 34 A . The projected area is 53 A  .
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or

Electrode

R, = H
R, = CH3 If R; = CH3 
Rj = H or CH3

Fig. 20 Possible mode of binding of uracil and its derivatives
to the electrode surface when in a perpendicular surface 
orientation .
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surface orientation provided the N(3) position was not substituted.

This finding is supported in the present study because, it will be

recalled, at pH 11 uracil does exhibit a capacitance pit, albeit at

significantly higher concentrations than at pH 8 and below. At pH 11

uracil is dissociated into its monoanionic form.^^^’^^^ According 
134to Shugar and Fox the dissociation of uracil proceeds as shown in 

eqn. (47). In the monoanion of uracil the hydrogen at N(l) has clearly

been lost yet the capacitance pit still forms. Although it was not 

possible to quantitatively measure the area occupied by the monoanion 

of uracil in the capacitance pit region there is no reason to believe 

that it does not adopt the perpendicular surface orientation.

The standard free energy of adsorption of uracil at the ECM 

potential for the pure supporting electrolyte in the dilute adsorption 

region at pH 8 and below is essentially constant at ca. -2900 cal. 

(Table 2). However, at pH 11 the value of AG“ is -1159 cal. which 

indicates that the monoanionic form of uracil is significantly less 

adsorbable.

According to Parsons^^^ and Trasetti,^^ for example, the free 

energy of adsorption may be divided into chemical and electrical 

components (eqn. (48)).

“ ads ■ “ chem *  “ al
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The electrical component, in turn may be expressed as a power

series of the electric field strength at the interface X, which can 

be varied by changing the electrode potential or charge, according to 

eqn. (49)

= aX + bX^ + ___  (49)

hence

AG J = AG , + aX + bX^ + ____ (50)ads chem
The term represents the free energy of adsorption com­

ponent which persists even when the electrical field becomes zero,

i.e., at the ECM potential where q = 0. The term AG^^ is composed of 

a linear electrical field-dependent term which arises from the electro­

static interaction of the charge of an ion or permanent dipole with 

fixed orientation with the field. The quadratic term in eqn. (50) 

arises as a result of the interaction of the induced dipole (and hence 

polarizability) of an ion or molecule with the interfacial electrical 

field. The implication of eqn. (50), therefore, is that the adsorption 

of small inorganic ions exhibits values which are linearly re­

lated to charge or p o t e n t i a l , w h e r e a s  larger molecules and 

organic ions tend to exhibit a quadratic dependence of AG^^^ on charge 

or potential owing to their greater p o l a r i z a b i l i t y . V a l u e s  

of AG^jg for the electrosorption of uracil at pH 3, 5 and 8 at various 

potentials were calculated from the values of B in eqn. (37) (where

Similarly, values of AG^^^ at various electrode charge values 

were obtained from the B values derived by fitting ir versus In a data
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to eqn. (35) at constant charge values. A  curve of versus electrode

potential at pH 3 is shown in Fig. 21A which exhibits an approximately 

quadratic form. Similar curves were observed at pH 5 and 8. Such 

curves strongly support the view that the electrical component of the 

interaction of adsorbed neutral uracil molecules is primarily due to 

the interaction of an induced dipole with the electrical field at the 

interface. At pH 11 the and electrode charge exhibit a more linear

relationship (Fig. 21B) indicating a more pronounced interaction between 

the charge of the monoanionic uracil species and the interfacial field.

The fact that the relationship between and q shown in Fig. 21B

is not perfectly linear, however, supports the view that a contribution 

from the polarizability of the uracil monoanion and the electric field 

persists.
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Fig. 21

(A) Free energy of adsorption versus potential curve for uracil 
in phosphate buffer pH 3.0 and (B) free energy versus electrode 
charge curve for uracil in phosphate buffer pH 11.0.



CHAPTER V

INTERFACIAL BEHAVIOR OF ADENINE AND ITS 

NUCLEOSIDES AND NUCLEOTIDES

145In a recent report from this laboratory the adsorption of 

adenine, deoxyadenosine and deoxyadenosine mononucleotides at a mer­

cury electrode was described. This study utilized a pH 9.0 borate 

system and was based on the differential capacitance measurements 

at a dropping mercury electrode. It was concluded from this work 

that adenine exhibits two types of adsorption. At a low adenine con­

centration, over large ranges of potential, it was concluded that this 

purine base is adsorbed with its virtually planar ring system parallel 

to the electrode surface, i.e., in a flat surface orientation. This 

region of adsorption is referred to as the dilute region. At higher 

adenine concentrations very sharply defined and characteristic pits 

(namely, a sudden depression) were observed in the capacitance v s . 

potential (C E) curves. Deoxyadenosine also exhibited a similar 

capacitance pit although at much more negative potentials than observed 

with adenine. The cause of these capacitance pits in the case of 

adenine and deoxyadenosine has not been previously investigated.

Subsequent reports from this laboratory on the interfacial 

behavior of other purine and pyrimidine derivatives which are important

89
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as constituents of nucleic acids such as t h y m i n e , u r a c i l ^ ^ ^  and
138methylated uracil derivatives have utilized a fluoride/phosphate 

buffer system pH 8.0. The latter buffer system was adopted in such 

studies because it gives more reproducible and more readily interpretable 

capacitance results.

This report is concerned with an examination of the interfacial 

behavior of adenine in fluoride/phosphate buffer pH 8.0 and with the 

behavior of adenosine and adenosine-5'-monophosphate (AMP). The latter 

compounds have not previously been studied by quantitative surface 

electrochemical methods. In order to more clearly understand the 

nature of the interfacial processes responsible for the capacitance 

pits of adenine and adenosine, a number of methylated derivatives 

and AMP were studied by means of differential capacitance and capillary 

electrometer with the maximum bubble pressure methods.
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Results and Discussion

The methods used for analysis of capacitance results can be 

understood by reference to Fig. 22A which shows a set of C vs. E 

curves for adenine between -0.1 V and -1.9 V. At adenine concentrations 

up to about 2 mM a systematic decrease of capacitance, compared to 

that of the pure supporting electrolyte, occurs between about -0.15 V 

and -0.75 V followed by a broad adsorption/desorption peak at more 

negative potentials. At adenine concentrations between 2-3 nM a very 

sharply defined capacitance pit occurs centered at -0.5 V. With further 

increase in adenine concentration the minimum capacitance within the 

pit remains constant but the range of potentials over which the pit 

occurs increases.

In the case of adenosine (Fig. 22B) similar behavior is ob­

served with the exception that two capacitance pits are observed.

The capacitance pit observed at ca. -0.5 V is rather poorly developed 

at pH 8.0. However, a recent report by Vetterl^^^ using a fluoride/ 

phosphate buffer system but a pH 7.0 shows a very well developed 

capacitance pit centered at -0.4 to -0.5 V. The second capacitance 

pit for adenosine is centered at -1.25 V (Fig. 22B). 6-Methyladenosine 

gives C vs. E curves very similar to those of adenosine in that two 

capacitance pits are formed centered at -0.45 V and -1.25 V (Fig. 22C). 

However, 6-methyladenosine exhibits only the more positive capacitance 

pit centered at -0.37 V (Fig. 22D). C v s . E curves for AMP gave no 

evidence of any capacitance pits (Fig. 22E). Thus, in the case of 

all the compounds except AMP there are quite clearly at least two
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Potan titl/V o ltv i. SCE

Fig. 22

Differential capacitance vs. potential curves for (A) adenine,
(B) adenosine, (C) 6-methyladenosine, (D) 6-dimethyladenosine and 
(E) adenosine-5'-monophosphate in 0.5 M  NaF plus 0.01 M  Na2HP04 
buffer pH 8.0. Curves were obtained at a frequency of 100 Hz and 
an amplitude of 10 mV peak-to-peak. Concentrations are shown in 
the figure.
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regions or types of adsorption. The initial or dilute region cor­

responds to that range of concentrations and potentials where capacitance 

pits do not occur. The second or capacitance pit region corresponds 

to that range of concentrations and potentials where capacitance pits

are observed. Quantitative interpretation of capacitance data could
138not be easily carried out in regions where capacitance pits occur 

hence detailed analysis of capacitance data was restricted to the dilute 

adsorption region.

In the dilute adsorption region all adenine derivatives, in 

both the fluoride/phosphate buffer pH 8.0 and the borate buffer pH 9.0,

gave C vs. E curves which were coincident with the curve for pure

supporting electrolyte solution at about -1.7 V and more negative 

potentials. In addition, adenine, adenosine and AlOP exhibited both 

d.c. and a.c. adsorption equilibrium under the experimental conditions 

used for capacitance measurements. Thus, in the case of the latter
128three compounds the double back-integration method of Grahame et al. 

could be used to calculate the excess charge of the mercury electrode 

using eqn. (51)

q - q* = /g* CdE (51)

where q is the charge relative to q*, the charge at the potential,

E*, where the integration is commenced (typically E* was -1.8 V), The 

value of the electrocapillary maximum (ECM) potential for the pure 

background electrolyte solution was measured by the maximum bubble 

pressure technique (Chapter II) and was found to be -0.433 V in the 

pH 8.0 NaF/Na,HPO^ buffer and -0.495 V in the pH 9.0 borate buffer.
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Since q = 0 at the ECM potential for pure background electrolyte 

solution it is easy to calculate the absolute charge for the latter 

solutions at E*. At E* all C v£. E curves were coincident with the 

background curve; hence it may be concluded that the charge values, 

q*, for all solutions at E* are identical.

Thus, the values of (q - q*) in eqn. (51) are readily converted 

to absolute charge values as a function of both potential, E, and 

the bulk solution concentration of the adenine derivative. In this 

study the bulk solution activity, a, of the adenine derivative was 

taken to be identical to its concentration. In order to obtain inter­

facial tension values a further integration was performed (eqn. (52)).

Y - Yo - q dE (52)
q

The value of in eqn. (52), the interfacial tension for the pure 

background solution at the ECM potential, was obtained directly from 

maximum bubble pressure measurements. Equation (52) was thus employed 

to obtain interfacial tension data as a function of both E and a. In 

the case of the methylated adenosine derivatives neither a.c. nor d.c. 

adsorption equilibrium was established at the mercury electrode and 

hence the latter methods for calculation of surface charge or inter­

facial tension could not be used. The adsorption of various adenine 

derivatives was also studied by direct measurements of interfacial 

tension using a maximum bubble pressure technique. This technique 

was used to obtain interfacial tension data in both the dilute and 

capacitance pit regions of adsorption.
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Dilute Adsorption Region 

Analysis of interfacial tension data, obtained by double back- 

integration of C va. E curves or from maximum bubble pressure measure­

ments, involved first, calculation of surface spreading pressure values, 

TT, as a function of the adenine derivative activity and electrode 

potential using eqn. (36).

Over quite large ranges of potentials plots of r versus the 

logarithm of the bulk activity of each adenine derivative were super­

imposable by abscissa translation. Typical it v s . In a plots for 

various adenine derivatives are presented in Fig. 23. The calculated 

curves in Fig. 23 represent the best least squares fit of it, a and E 

data to the empirical equation (39).

The same non-linear least squares method, which is described 

in detail in Chapter IV, was employed to obtain optimum values of all 

parameters in eqn. (39), namely A, B, and a. Having obtained a composite 

fit of TT and a data at several different potentials (typically five or 

six potentials between -0.5 V and -1.0 V) for a particular adenine 

derivative, the same functional form of eqn. (39) was used to fit data 

at fixed potentials, typically between -0.3 V and -1.2 V. Because 

very good composite fits of ir v£. In a data were obtained between ca.

-0.5 V and -1.0 V (see Fig. 23) it was assumed that at all potentials

the value of F RT (A in eqn. (39)) was constant. This constant value in
of A was used in fitting ir and a data at individual potentials. 

Analytical differentiation of the tr vs In a fits of curves at in­

dividual potentials was used to calculate values of FRT at various
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Fig. 23
Composite ir In a plots for (A) adenine, (B) adenosine and (C) 
adenosine 5 '-monophosphate in 0,5M NaF plus O.OIM Na2lîP0^ pH 8.0. 
The root mean square deviation in it from the calculated curve 
(solid line) is for (A) 0.330, (B) 0.475 and (C) 0.358 dyne cm"!. 
Data for these curves were obtained from capacitance results.
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concentrations and potentials using the Gibbs adsorption equation

(eqn. (40)). Congruence of electrosorption isotherms with respect

to potential for adenine, adenosine and AMP was tested by preparing

plots of TRT (obtained by analytical differentiation of fixed potential
138TT In a curves) vs. electrode charge, q. All three compounds 

gave linear q vs. TRT plots at potentials of -0.4 V and more negative. 

Such linear plots indicate that the electrosorption isotherms for 

adenine, adenosine and AMP are congruent with respect to potential over 

the latter range of potentials.

In view of the congruence of adsorption isotherms with respect 

to potential for the latter adenine derivatives it, E and a data were 

fitted to the generalized form of the Frurakin equation (eqn. (25)).

The non-linear least squares method, as described in Chapter II, has 

been used to fit it, E and a data (at potentials where the congruence 

condition obtains) to eqns. (25) and (5) to obtain the optimum values 

for the parameters a, B , T , E„, and C'. Some typical examples of
O TÜ W

reduced isotherms for various adenine derivatives are shown in Fig.

24. The experimental FRT points in Fig, 24 were obtained by analytical 

differentiation of tt vs. In a plots at individual potentials and hence 

are obtained without assuming any adsorption model. The solid curves 

represent the best fits of all tt, E and a data to the Frumkin model 

(eqn. (25)) over the range of potentials where the isotherms are con­

gruent with respect to potential. Clearly the experimental points fit 

closely to the Frumkin model. The data used to prepare Figs. 23 and 

24 were obtained from capacitance measurements. However, essentially 

identical data were obtained from maximum bubble pressure measurements.
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Reduced electrosorption isotherms for (A) adenine, (B) adenosine and 
(C) AM? in 0.5M NaF plus O.OlM Na2HP0^ buffer pH 8.0. Isotherm (D) 
is for adenine in borate buffer pH 9.0. The solid line is the best 
fit of all TT, E and a data to the generalized Frumkin equation with the 
values of a, Bq, F^RT, C ’ and being shown in the figure. Data 
obtained from capacitance results.
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TABLE 4
Param eters o f  the generalized F rum kin  equation  fo r adenine, adenosine and AMP determ ined by  analysis o f  capacitance and m axim um  bubble 
pressure da ta  in the dilute adsorp tion  region

C om pound M ethod ° a 10-3 X /Jo/ 
1 m ol'*

AG®*'/ 
k J mol"*

C'l
jjF  cm '3

£n "/V 10-'® r„/
mol cm -3

A rea per
m olecule/
nm^

R M SD d 
in TT/Nm"

A denine/ C 0.48 ± 0 .1 2 1.72 - 1 8 .5 15 .90* - 0 .5 0 0  ± 0.008 3.14 0.55 ± 0 .03 0.33
pH 8.0  « MBP 0.39 ± 0.20 1.71 - 1 8 .4 15.62 - 0 .5 1 8  ± 0.012 2.92 0.57 + 0 .06 0.30

A denine/ C * 0 .5 4 + 0 .2 1 1.77 - 1 8 .5 16.92 - 0 .5 6 0  + 0 .10 3.04 0.55 ± 0.04 0.54
pH  9.0 f MBP 0 .5 5 1 0 .1 3 3.21 - 2 0 .0 17.07 - 0 .5 9 0  ± 0.01 2.66 0.62 + 0.04 0.28

A denosine/ C - 0 .8 2  ± 0.23 18.83 —24.4 9.73 -0 .4 9 8  + 0.018 3.04 0.55 + 0.03 0.48
pH  8.0  = MBP - 0 .5 9  ± 0 .26 21.24 - 2 4 .7 12.56 - 0 .5 0 4  ± 0.032 2.73 0.61 + 0.04 0.34

AMP/ 
pH 8.0 «

C - 0 .0 6  ± 0.13 3.82 -2 0 .4 13.19 —0.581 ± 0 .009 2.62 0.63 ± 0 .02 0.36

“ R esults ob tained  by analysis o f  (C ) capacitance data  o r  (MBP) m axim um  bubble pressure data.
** AG° = —/{Tin Bn. The AG° values are those a t  the  ECM po ten tia l for the  pure supporting  electro ly te.
" ECM po ten tia l when 0 = 1.0.

R o o t m ean square deviation.
® 0.5 M N aF  plus 0.01 M  Na^HPO^ pH  8.0. 
f Borate buffer pH 9.0.
* C' ob tained  by extrapolating  a p lo t o f  1/C  vs. 1/c to  1/c = 0, w here C is the  capacitance a t the po ten tia l o f  m axim um  adsorp tion  and c is the 
concen tra tion .

C apacitance results from  ref. 145,
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Analysis of tt, E and a data for each adenine derivative in the

dilute adsorption region using the Frurakin adsorption model gave the

results shown in Table 4. These results indicate that the attraction

coefficient, ct, is generally small, suggesting that only relatively

weak interactions occur between the adsorbed organic molecules. The

standard free energy of adsorption values at the ECM potential for the

pure supporting electrolyte solution, AG“ , are quite large in magnitude

for all adenine species which indicates that at the latter potential,

which is quite close to the potential of maximum adsorption, these

compounds are quite strongly adsorbed at the mercury electrode. There

appears to be no significant difference between the adsorption behavior

of adenine in fluoride/phosphate buffer pH 8.0 and borate buffer pH

9.0 (Table 4). The areas occupied by adenine and its nucleoside and

nucleotide at complete monolayer coverage are very similar (Table 4).

Averaging the results for adenine obtained at both pH 8.0 and pH 9.0,

using both capacitance and maximum bubble pressure techniques, the

area obtained was 57 1?. Very similar values are obtained for adenosine

and AMP. The results obtained here for adenine, and its nucleoside

and nucleotide at pH 8.0 are in excellent agreement with those obtained
145for adenine and its deoxynucleoside and monodeoxynucleotide at pH 9.0.

Capacitance Pit Region 

Surface spreading pressure values, tt, could be obtained in 

both the dilute and capacitance pit adsorption regions for adenine using 

the maximum bubble pressure technique. In the case of adenosine, 6- 

methyladenosine and 6-dimethyladenosine the mercury thread exhibited
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very severe sticking and rather irreproducible behavior within the 

fine bore capillary of the maximum bubble pressure apparatus at con­

centrations and potentials where the capacitance pit occurred. This 

effect was least severe with adenosine at potentials corresponding to 

the more negative capacitance pit and some approximate surface spreading

pressure results could be obtained in this region. In the case of the

methylated adenosine derivatives the sticking effect was too severe 

to permit even approximate ir  values to be obtained.

In the case of adenine the capacitance pit is centered at 

-0.5 V at pH 8.0. Accordingly, ir values for increasing bulk solution 

concentrations of adenine were measured at a fixed potential of -0.5 V.

A plot of TT vs. In a so obtained is presented in Fig. 25. Essentially 

identical plots were obtained at potentials between -0.4 V and -0.7 V.

It is clear from Fig. 25 that such plots of ir v s . In a exhibit a sharp 

change in slope at concentrations where the capacitance pit is first 

noted. At high values of tt in the dilute adsorption region (Fig. 25) 

the plot of TT vs. In a almost reaches the limiting straight line

expected when 0 = 1.0, i.e., complete monolayer coverage of the

electrode. At slightly higher concentrations, where the capacitance 

pit is formed, a new, steeper straight line is formed. This must 

imply that the surface monolayer undergoes a rearrangement where the 

layer in the dilute region reorients to give a second layer also with 

0 = 1.0. The steeper slope of the it V£. In a plot at concentrations 

where the capacitance pit is observed compared to that for 0 = 1.0 in 

the dilute adsorption region indicates that values are larger in
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Surface spreading pressure, i t , v s .  In a plots for adenine in 0.5M 
NaF plus O.OIM Na2HP0^ pH 8.0. Open triangles (A) refer to experimental 
points obtained at -0.5V in the dilute adsorption region; solid 
triangles (A) refer to experimental points obtained at -0.5V at 
concentrations where the capacitance pit is observed. The solid line 
through open triangles is the best least squares fit of all data in 
the dilute adsorption region at potentials where congruence with 
respect to potential obtains. The line through the solid triangles 
is the best straight line through points obtained at all potentials 
where the capacitance pit is observed.
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the former region than in the dilute region. This in turn implies 

that in the capacitance pit region the area occupied by one molecule 

of adenine on the electrode surface is smaller than in the dilute 

region; i.e., a more compact monolayer is formed in the capacitance 

pit region. A summary of some typical results for adenine in both 

the dilute and capacitance pit adsorption regions at pH 8.0 and 9.0 

are presented in Table 4. It can be observed that the area occupied 

by one adenine molecule on the electrode surface at monolayer satura­

tion in the capacitance pit region is about 30 per cent less than in 

the dilute adsorption region. Thus, at bulk solution concentrations 

and potentials where the capacitance pit occurs, adenine must undergo 

a surface reorientation such that the area occupied per molecule de­

creases from about 60 to about 40 A^,

In the case of adenosine maximum bubble pressure readings at 

potentials corresponding to the ill-formed capacitance pit at around 

-0.5 V were not possible due to severe and irreproducible sticking of 

the mercury thread in the fine bore capillary. At potentials cor­

responding to the more negative capacitance pit again rather irreproducible 

results were obtained. However, in the region of the latter pit sticking 

of the mercury thread was less severe \d.th the result that some approximate 

TT values could be obtained. The slope of the it vs. In a plot in the 

capacitance pit region appeared to be slightly steeper than the limiting 

slope observed in the dilute adsorption region. However, because of 

the uncertainty in the measured tt values at concentrations and potentials 

corresponding to the capacitance pit region it was only possible to
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approximate the area occupied by one adenosine molecule in the latter 

region at ca. 45-55

Attempts to obtain it v s .  In a plots for 6-methyladenosine 

and 6-dimethyladenosine also could not be obtained because of very 

severe sticking of the mercury thread inside the capillary of the 

maximum bubble pressure apparatus.
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Surface Orientations 

Adenine

The electrode surface area occupied by one adenine molecule

in the dilute adsorption region is, on average, 57 Using data
147obtained for the crystal structure of adenine we have calculated

the areas which would be occupied by one adenine molecule in a variety
148of surface orientations using the ORTEP programs of Johnson. Such

calculations reveal that the largest area which adenine could occupy

corresponds to that if it were to lie flat on the electrode surface,

i.e. , with the plane of the ring atoms parallel to the electrode surface.

In the latter surface orientation the area enclosed within the van der

Waals radii of the peripheral atoms of adenine is about 52 (Fig. 26A).

However, it would probably not be possible to pack the irregularly-

shaped adenine molecules together in a surface monolayer such that they
«2would each occupy only 52 À . Accordingly, the area expected to be

occupied by one adenine molecule lying flat on the electrode surface
o2is shown in Fig. 26A enclosed by the rectangular box, i.e., 62 A .

This projected area corresponds quite closely to that observed experi­

mentally for adenine in the dilute adsorption region. Thus, it has 

been concluded that in the latter region adenine adopts a flat surface 

orientation on the electrode surface. Any electrode surface not covered 

with adenine molecules is probably covered with adsorbed water molecules.

As noted earlier, the fact that the area occupied by one adenine 

molecule decreases significantly on passing from the dilute to capacitance 

pit adsorption regions suggests that the molecule reorients to a more
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Fig. 26

Projected areas for adenine. (A) IJhen average plane of ring atoms is 
parallel to the electrode surface, i.e. , jn a flat surface orientation. 
Area within van der^Waals radji is ca. 52A; area within rectangle with 
sides 7.3A and 8.32A is 61.15a2. (B) I’Jhen plane of atoms is perpendicular
to the electrode surface and surface binding is through the^exocyclic 
amino gçoup hydrogens. Area within rectangle of sideg 3.58A and 8.63A  ̂
is 30.9A-. Van der Waals radii employed were C: 1.65A, H: 1.2A, N; 1.5A.
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compact surface stance. This may only be achieved if the adenine 

molecule adopts a perpendicular surface orientation. The actual 

surface orientation may be deduced from the fact that 6-methyl- and 

6-dimethyladenine do not exhibit any capacitance pits, i.e., perpen­

dicular o r i e n t a t i o n . T h i s  implies, therefore, that unsubstituted 

adenine is bound to the electrode through its exocyclic amino group.

The latter group of adenine is the site for Watson-Crick hydrogen 

bonding to uracil or thymine in RNA or DNA, respectively. It is 

proposed that a similar hydrogen bonding of adenine to the mercury 

electrode occurs when adenine adopts its perpendicular stance in the 

capacitance pit region. This perpendicular orientation is shown 

in Fig. 27A. Such an orientation is supported by the fact that the 

potential at which the capacitance pit is first observed, i.e., the 

optimum potential for formation of the perpendicular layer is -0.50 V. 

At this potential the electrode carries a small negative charge con­

ducive to formation of a hydrogen bond with the exocyclic amino group 

of adenine. The projected area which should be occupied by adenine 

in the surface orientation shown in Fig. 27A is 31 (Fig. 26B).

This is in quite reasonable agreement with the experimentally measured 

area (Table 5). When in the perpendicular surface orientation of 

the type shown in Fig. 27A adjacent adenine bases would be sufficiently 

close together to undergo highly cooperative base-base stacking inter­

actions much as such bases stack in double helical nucleic acids.

In view of the fact that neither 6-methyladenine nor 6-dimethyladenine 

exhibit a capacitance pit, it may be concluded that both of the amino
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Fig. 27

Proposed surface orientations for (A) adenine in the capacitance pit 
centered at -0.5V, (B) adenosine, methyl- and dimethyladenosine in 
the capacitance pit centered at ca. -0.4V and (C) adenosine and 
methyladenosine in the capacitance pit centered at ca. -1.25V,
Arrows indicate the direction and polarity of the permanent dipoles.
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TABLE 5

Area occupied per molecule at maximum surface coverage in the dilute 
and capacitance pit adsorption regions for adenine and adenosine

Compound pH Area per 
Dilute Adsorption 

Region

molecule/Â
Capacitance Pit

Region^

Adenine 8.0^ 57±6 40

Adenine 9.0^ 62+4 43

Adenosine 8;0* 61+4 ~45-55

^Fluoride/phosphate buffer pH 8.0. 
b.Borate buffer pH 9.0.

'Results from maximum bubble pressure measurements.
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group hydrogen atoms are necessary to bind adenine to the electrode 

surface when it adopts the perpendicular surface stance.

At adenine concentrations where the capacitance pit is well 

defined (e.g., 7 mN in Fig. 21k) it may be noted, at potentials both 

more negative and positive than the optimum value for formation of 

the perpendicular layer (-0.5 V), that a very sharp decrease of capaci­

tance occurs to values characteristic of the dilute adsorption layer. 

This implies that a very highly potential and concentration-dependent 

collapse of the perpendicular layer takes place. Although it is not 

possible to exactly specify the cause of this collapse, it is proposed 

that at sufficiently positive or negative potentials water dipoles 

can compete successfully with adenine molecules for electrode surface 

sites. Displacement of even a few adenine molecules from the electrode 

surface would result in collapse of the perpendicular surface layer 

because of its highly cooperative nature. In other words, disruption 

of only a few stacking interactions by replacing bases with water 

on the surface would cause the perpendicular array of adenine molecules 

to break down.

Adenosine

The area occupied by one adenosine molecule at monolayer 

surface coverage in the dilute adsorption region is very similar to 

that of adenine (Table 4). Since adenosine has a molecular weight 

which is almost double that of adenine it is clear that in order to 

explain the observed adsorption behavior of adenosine in the dilute 

region the surface conformation of the nucleoside must be considered.
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149Adenosine exists in the anti conformation in the solid state. The

anti and syn conformations and their relation to the torsion angle,

may be understood by reference to Fig. 28. Although adenosine

exists preferentially in the anti conformation Haschemeyer and Rich^^^

have shown that the steric barrier to interconversion between the

anti and syn conformations is small. In addition, the energy difference

between the two conformations is thought to be about 1 k  cal mol

i.e., very small. Accordingly, it should be energetically and sterically

easy for adenosine to adopt either the syn or anti conformations.
152In a recent report it was shown that D-ribose adsorbs at

a mercury electrode in a flat surface orientation, i.e., with the average

plane of atoms in the sugar ring parallel to the electrode surface.
152However, D^ribose at -0.433 V at pH 8.0 is -1657 cal compared to

>-4400 cal for adenine (Table 4). This implies for adenosine, which

consists of a strongly adsorbed adenine residue and a weakly adsorbed

D-ribose residue, that in the dilute adsorption region the adenine

residue will be preferentially adsorbed in a flat surface orientation.

This in turn would result in the sugar residue adopting an orientation

approximately perpendicular to the electrode surface. With the base

adsorbed on the electrode surface and the sugar perpendicular it may 
152be shown that in the anti conformation the nucleoside should occupy 

significantly larger surface area than the base. On the other hand, 

in the syn concentration (see Fig. 28) with the base adsorbed flat 

on the electrode, the sugar residue is largely rotated out of the plane 

of the electrode surface. This allows the adenine residues to pack
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H»2

\

2

OH OH

Confornution, $  ̂  N tg itiv t

Syn C o n fo rm a tio n .^^  Po«itiv«

Fig. 28

Schematic illustration of the torsion angle, CN» purine nucleosides. 
The plane of the base is viewed end-on with the glycosyl C'(l)-N(9) 
bond perpendicular to the plane of the paper. The torsion angle is the 
dihedral angle between the plane of the base and the plane formed by 
the C ’(1) to 0'(1) bond of the furanose ring and the C'(l) to N(9) 
bond. When O ' (1) lies directly over C(8) then <!>CN is zero. Positive 
angles are measured when C ’(l)-0’(1) is rotated in a clockwise 
direction when viewing from C (1) to N(9). (Adapted from reference 156).



116

together almost as closely as in the absence of the sugar moieties. 

Since, experimentally, the areas occupied by adenine and adenosine 

are very similar (Table 4) it may be concluded that in the dilute ad­

sorption region adenosine is adsorbed with the base residue flat on 

the electrode surface with the molecule in the syn conformation.

Adenosine, at pH 8,0, exhibits a poorly formed positive 

capacitance pit at around -0.5 V and a well-defined negative capacitance 

pit centered at -1.25 V (Fig. 22B). The area occupied by adenosine 

in the positive capacitance pit could not be measured. However, at 

potentials and concentrations corresponding to the negative capacitance 

pit, maximum bubble pressure measurements indicate that the area 

occupied per adsorbed adenosine molecule (45-55 is a little

smaller than in the dilute adsorption region (61 . Of considerable

significance is the fact that méthylation of the amino group of 

adenosine does not cause the disappearance of all capacitance pits.

Thus, 6-methyladenosine gives only the positive capacitance pit (Fig. 

22D). These observations suggest that, unlike adenine, the amino 

group of adenosine is not of prime importance in binding the nucleoside 

to the electrode surface in the capacitance pit adsorption regions. 

Accordingly, it is proposed that interaction of the permanent dipole 

moment of adenosine and its methylated derivatives with the electrode 

surface is responsible for binding adenine residues to the electrode 

surface. Because the surface area occupied by adenosine at least 

in the negative capacitance pit region is apparently somewhat smaller 

than in the dilute region, and because in either capacitance pit region 

the molecules cannot be in a flat surface orientation, it has been
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concluded that all capacitance pits must correspond to regions where 

adenine residues are adsorbed perpendicular to the surface.

The permanent dipole moments for adenine, adenosine and their

methylated derivatives are presented in Fig. 29. The dipole moment of

adenosine in the anti conformation (5.6 Debye) is significantly larger

than for adenine (3.0 Debye) and for adenosine in the syn conformation

(1.9 Debye). The effect of méthylation of the amino group of the

latter compounds on their dipole moments is small (Fig. 29). Dipole

moments for the methylated compounds were calculated by a vectorial 
153additive method.

Adenosine, 6-methyl- and 6-dimethyladenosine all give a 

positive capacitance pit. It is not possible to measure the optimum 

potential for formation of this capacitance pit for adenosine because 

of its ill-defined nature. However, for 6-methyladenosine the optimum 

potential for formation of the positive capacitance pit is -0.42 V, 

while for 6-dimethyladenosine the value os -0.37 V. At the latter 

potentials the mercury electrode carries a small positive charge (ECM 

potential is -0.433 V). It thus seems reasonable to conclude that the 

adenine residues of adenosine and its methyl derivatives are oriented 

with the negative end of their dipole directly toward the positively 

charged electrode. The dipole moments of the latter molecules are 

greatest when the usually more favored anti conformation is adopted.

In this conformation the negative end of the dipole lies approximately 

between the N(l) and C(6) positions. Accordingly, it is proposed 

that the adenine residues of adenosine, methyl- and dimethyladenosine
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Fig. 29
Permanent dipole moments for adeninel57,158 adenosine""'"'^ and their 
methylated derivatives. The arrow indicates the direction for the 
dipole with the head corresponding to the negative end.
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are adsorbed at the electrode surface in a perpendicular orientation 

with the N(l)-C(6) group closest to the electrode surface (Fig. 27B).

In the anti conformation molecular models reveal that adjacent per­

pendicular adenine residues can approach close enough to permit extensive 

intermolecular stacking interactions and hence stabilization of the 

perpendicular layer. This is not surprising because in natural,

double helical nucleic acids the nucleotide residues adopt the anti 
154conformation. In the surface orientation shown in Fig. 27B for the 

positive capacitance pit the amino group appears to contribute little 

to the binding of the adenine residue to the electrode surface, since 

méthylation of this group does not inhibit formation of the positive 

perpendicular layer.

It seems reasonable to conclude that collapse of the positive 

perpendicular layer is due to electrostatic repulsion of the negative 

dipole at negative potentials coupled with adsorption of water dipoles.

At positive potentials competitive adsorption of solvent must become 

sufficiently strong to cause replacement of a few nucleoside molecules, 

with concomitant collapse of the highly associated perpendicular layer.

Adenosine and 6-methyladenosine also exhibit a negative 

capacitance pit (Fig. 22B,C) while 6-dimethyladenosine (Fig. 22D) 

does not. Assuming again that the adenine residues of the nucleosides 

are adsorbed perpendicular to the electrode surface, then this more 

negative pit must be caused by a different surface orientation to 

that in the positive capacitance pit. The shape of the negative 

capacitance pit, particularly the steep sides both negative and
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positive of the optimum potential (-1.25 V) suggest catastrophic 

collapse of the surface layer, again indicative of a highly cooperative 

surface film, i.e., close approach and hence intermolecular stacking 

of base residues. The fact that 6-dimethyladenosine does not give 

rise to the negative capacitance pit, whereas adenosine and 6-methyl- 

adenosine do, suggests that at least one amino group hydrogen is 

necessary to allow the perpendicular orientation to take place. At 

the optimum potential for formation of the negative capacitance pit 

(-1.25 V) the mercury electrode carries a large negative charge. Thus, 

it would be expected that the positive end of the dipole would be oriented 

towards the electrode surface. Since adenine does not give a negative 

capacitance pit yet it has two unsubstituted amino hydrogen atoms it may 

be concluded that both hydrogen bonding via at least one of the amino 

hydrogen atoms and interaction of the positive end of a dipole are 

necessary for binding the perpendicular adenine residues of adenosine 

and 6-methyladenosine to the electrode surface. The fact that adenosine 

and methyladenosine give the negative perpendicular layer while adenine 

and methyladenine do not must be related to their diplole moments.

Thus the anti conformations of adenosine and methyladenosine have 

relatively large dipole moments (Fig. 29) while adenine and methyl­

adenine have much smaller dipole moments. Hence, the interaction be­

tween the positive end of the dipole of adenosine and methyladenosine 

and the negatively charged electrode must be much larger than in the 

case of adenine and methyladenine. Accordingly, it is proposed that 

in the negative capacitance pit region adenosine and methyladenosine 

adopt the perpendicular orientation shown in Fig. 27C where both
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nucleosides are in their more favored anti conformation. In the 

latter conformation the nucleosides have dipole moments almost twice 

that of the bases and three times that in their syn conformation.

In the negative capacitance pit region it is thus proposed that the 

adenine residue of adenosine or methyladenosine is anchored to the 

electrode surface by electrostatic interaction between the positive 

end of their dipole and the negatively charged electrode surface and 

a hydrogen bond between an amino hydrogen and the electrode surface. 

The dipole moment of adenine is apparently not large enough to allow 

this molecule to adopt a stable, perpendicular layer on the electrode 

surface.

If adenosine does in fact adopt the perpendicular orientation 

proposed in Fig. 27C then each molecule should occupy an area of about 

52-58 Â^. This area is in reasonable agreement with that measured 

experimentally (45-55 Table 5). It must again be stressed that 

the experimental area is only an approximate value. Molecular models 

again reveal that adjacent base residues of adenosine in the perpen­

dicular orientation shown in Fig. 27C could readily undergo strong 

intermolecular stacking interactions to stabilize the perpendicular 

film.

It might also be noted that the syn conformation of adenosine 

is absolutely excluded in the negative capacitance pit region because 

the dipole moment is not only very small (1.9 Debye) but also the 

positive end of the dipole is such (Fig. 29) that the weakly adsorbed 

sugar residue would be oriented towards the electrode surface, not
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152the base residue. Earlier work has unequivocally demonstrated that 

the P;-ribose is not adsorbed to any significant extent at -1.25 V.

Adenosine-5'-monophosphate 

AMP exhibits only a dilute adsorption region (Fig. 22E) and 

the area occupied by one molecule at monolayer saturation (63 Â^) is 

only slightly larger than for adenine and adenosine. This behavior 

can be readily explained if AMP adopts the syn conformation on the 

electrode surface in an identical fashion to that proposed for adenosine. 

In this surface conformation with the base residues adsorbed flat on 

the electrode the sugar phosphate residue is largely rotated out of 

the plane of the electrode and adenine residues can pack together 

almost as closely as for the unsubstituted base.

AMP does not exhibit capacitance pits presumably because of 

significant electrostatic repulsions between adjacent, negatively 

charged phosphate groups.
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Conclusions

The results presented indicate that adenine, adenosine and 

AMP all exhibit an initial, dilute adsorption region where the base 

residues adsorb flat on the electrode surface. In this orientation 

the interaction between the adenine residue and the surface must be 

primarily between the %-electron cloud and, presumably, the conduction 

band of the electrode. In effect, a rather weak non-specific bond 

anchors the adenine residue to the electrode surface. Adenosine 

and AMP appear to adopt their syn conformations because only in this 

conformation are the sugar and sugar phosphate residues largely above 

the plane of the electrode surface so that adenine residues can pack 

almost as closely together as does the free base. The electrode surface 

areas occupied by adenine, adenosine and AMP at complete monolayer 

surface coverage in the dilute adsorption region (ca. 60 Â^) have 

been measured by two independent and well established surface electro­

chemical methods. These areas differ considerably from those reported

by Krznaric and coworkers who found that at pH 3.4 and 5“C adenosine
o2 o2occupied an area of 150 A and AMP an area of 153 A .

Adenine exhibits a single capacitance pit, which has an 

optimum potential of formation of -0.5 V, i.e., the electrode carries 

a small negative charge. At potentials and concentrations where this 

capacitance pit forms it is suggested that adenine reorients from a 

flat to a perpendicular surface orientation and is bound to the elec­

trode through its two amino hydrogen atoms, i.e., a hydrogen bond

of the type -N H... (-) electrode is formed. That this is so is shown
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by the fact that méthylation of one or both amino hydrogen atoms 

destroys the ability of adenine to form a perpendicular surface layer.

Adenosine and 6-methyladenosine exhibit two capacitance pits. 

Owing to experimental difficulties it has not been possible to accurately 

measure the electrode surface areas occupied by the latter molecules. 

However, by a systematic study of adenine, adenosine and their methyl- 

amino derivatives, it has been concluded that at potentials and con­

centrations where the positive capacitance pit is formed the adenine 

residues of adenosine and its methylated derivatives adopt a perpen­

dicular stance with the negative end of the dipole oriented towards 

the slightly positively charged electrode. The anti conformation of 

adenosine has a much larger dipole moment than the syn conformation 

and in addition stacking interactions between adjacent base residues 

are more favorable in the anti conformation.

In the negative capacitance pit region it is again believed 

that adenosine and 6-methyladenosine are adsorbed with the adenine 

residues perpendicular to the electrode surface. However, in this 

region it is proposed that the positive end of the dipole is directed 

towards the negatively charged electrode. Because of the very large 

dipole moment of the anti form of adenosine the latter conformation 

is preferred.
144A recent report by Vetterl suggested that in the negative 

capacitance pit region adenosine is adsorbed with the base residue 

perpendicular to the electrode through the C(8) position with the 

nucleoside in the syn conformation. In view of the fact that adenine 

cannot exhibit a negative capacitance pit and that the dipole moment
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for syn adenosine is so small and the positive end of the dipole is

at C(5) it is believed that the syn conformation cannot be correct.

It also appears, in the negative capacitance pit region, that at

least one amino group hydrogen is hydrogen bonded to the electrode

surface. This cannot occur with the surface orientation proposed 
144by Vetterl.



CHAPTER IV

A PRELIMINARY STUDY OF ELECTROCHEMICAL OXIDATION OF 5-METHYLTETRA- 

HYDROPTERIN AT THE PYROLYTIC GRAPHITE ELECTRODE

INTRODUCTION

In recent years, electrochemistry has aided in the elucidation 

of the in vitro oxidation mechanism of some biologically important 

molecules such as purines and p y r i m i d i n e s . T h a t  the study of 

electrochemical reaction mechanisms can yield valuable information as 

to the nature of ^  vivo enzymatic reaction mechanisms is not surprising, 

because both types of reactions involve the transfer of electrons to 

molecules specifically oriented on a charged surface in the presence 

of a large excess of inert electrolytes. Accordingly, knowledge of 

the electrochemical reaction mechanism can increase one's understanding 

of the 22. vivo reaction mechanism but even more importantly, the electro­

chemical mechanism may suggest the existence of intermediate species, 

or the involvement of enzymes which previously were not suspected of 

being involved in a particular biological reaction.

Pteridines are widely distributed in living systems yet many

of the biological roles of these molecules are either unknown or are
187 188very incompletely understood. ’ Certain reduced or unconjugated

126
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forms of some pteridines are of metabolic importance as coenzymes in
189hydroxylation reactions, and as intermediate in the photosynthetic

190electron transport process. For example, the hydroxylation of 

phenylalanine to tyrosine requires not only the enzyme phenylalanine 

hydroxylase and oxygen, but also tetrahydrobiopterin as a cofactor.

A number of studies have suggested that the reduced pterine undergoes 

a variety of redox and related chemical reactions as it functions 

as the cofactor. However, the actual nature of these reactions are 

not known, nor are the effects of pteridine structure solutions con­

ditions and other solution reactants understood.

Electrochemical reduction of several pteridine derivatives
191-193have been reported in some detail. The electrochemical oxidation

of pteridines has not been investigated extensively as yet, although
194Dryhurst et a l . studied several hydroxy derivatives of pteridine.

This investigation is a part of the preliminary efforts to 

unravel the details of the complex redox chemistry of biologically 

important pteridines in terms of the electrical potentials required 

for “he electron-transfer process to occur, the nature of the inter­

mediates formed and the course and controlling conditions for their 

follow-up chemical and/or electrochemical reactions and the products 

formed. It is the objective of this work to understand the effect 

of méthylation at the 5 position of tetrahydropterin (II) on the 

electrochemistry of this compound; namely, the electrochemical oxida­

tion of 5-methyltetrahydropterin (III).
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EXPERIMENTAL

Chemicals

Pterine was obtained from Sigma, and 5-methyltetrahydropterine 

was synthesized by the reductive alklation method of Matsuura et a l .^^^ 

as follows:

0

H H -
rtO.

\r\ 0.1 K ROn gM'

Elemental analysis of the product found: C, 30.47%; H, 5.05%; N,
19524.99%, and C^H^^N^G-lHCliQ.bH^O (as reported by Matsuura et al. ) 

requires C, 31.75%; H, 5.40%; N, 26.44% and C^H^^N^Q.ZHCl.IHgO requires 

C, 39.88%; H, 5.52%; N, 25.75%. Melting point range of the product 

is in between 235°C-242®C (237-239®C; reported).

Platinum oxide (Adam’s catalyst) was obtained from Sargent- 

Welch Scientific Co. (Skokie, 111.). Phosphate buffers are prepared 

as described in Chapter III.
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Voltammetric Procedure

Linear sweep voltammetry and cyclic sweep voltammetry were

performed with an instrument based on conventional operational amplifier 
197design, employing a function generator patterned after that of Myers 

198-199and Shain. Voltammograms were recorded on a Hewlett-Packard

Model 7001 A X-Y Recorder or a Houston Omnigraphic Model 2000 X-Y 

recorder or a MFE Plotamatic Model Q15 X-Y recorder.

Fast sweep voltammograms were obtained with a Princeton Applied 

Research Corporation Model 175 Universal programmer and were recorded 

on a Tektronix Model 5031 Dual Beam Storage Oscilloscope, and photo­

graphed with a Tektronix Model C-70 camera.

A water-jacketed one-compartment cell (5 ml capacity) maintained 

at a known and constant temperature (usually 25.0°±0.1°C), which is 

very similar to the polarographic cell used for the capacitance 

measurement, was used for the voltammetry. A pool of mercury inserted 

at the bottom of the cell served as the counter electrode. A reference 

electrode, namely the saturated calomel electrode (SCE) was positioned 

close to the PGE using a fine Luggin capillary. For convenience, all 

potentials are reported versus a saturated calomel electrode. Tempera­

ture of the voltammetric cell and the water-jacketed glass bubbling 

chamber was maintained by circulating water from a bath heated by an 

incandescent bulb in a circuit with 25°C or 40°C thermostats and a 

mercury relay (H-B Instrument Co.).

The pyrolytic graphite electrodes were machined from small 

rods of pyrolytic graphite (Pfizer Chemical, Inc., Ridgefield, New 

Jersey) to a square pillar shape (ca. 2 mm x 2mm x 10 m m ) , and were
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sealed into 2.5 mm or 3.5 mm (ID) glass tubing (ca. 120 mm long) with 

an epoxy resin (Hysol Epoxi-Patch, Dexter Corporation, Clean, New York). 

The electrodes were ground flush with the end of the glass tube and 

were resurfaced prior to the running of each voltammogram with 600-grit 

silicon carbide paper (Buehler Ltd., Evanston, 111.) mounted on a 

rotating disc. The electrode was then sprayed with a fine stream of 

doubly distilled water to remove the graphite powder from the surface, 

and dried by gently touching the surface with an absorbent paper 

tissue. Test solutions of 5-methyltetrahydropterin were prepared 

immediately prior to each study. These solutions were made by dis­

solving the solid compound in a solution of 1:1 phosphate buffer: 

doubly-distilled water, yielding an ionic strength of 0.5 M. Deaeration 

was accomplished by bubbling nitrogen through the solution for approxi­

mately 10 minutes before the experiment was run, and then passed in 

a stream over the solution during the run.
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Coulometric Electrolysis Procedure

For controlled potential electrolysis a three-compartment cell 

was used with each compartment separated by a medium-porosity sintered 

glass disc: Salt bridge placed on the counter and reference sides of

the discs were prepared by dissolving 4 grams agar (Difco Laboratories) 

in 90 ml of phosphate buffer (ionic strength 0.5 M) of the appropriate 

pH. A saturated calomel reference electrode (SCE) and a platinum 

foil counter electrode were utilized.

Controlled potential electrolysis was carried out using 

Princeton Applied Research Corporation Models 173 or 373 Potentiostat/ 

Galvanostats. Current integration during electrolysis was performed 

with a Koslow Scientific Co. (North Bergen, New Jersey) Model 541 

coulometer.

Controlled potential coulometry was performed at the pyrolytic
2graphite electrode (area ca. 10 cm ) with a working compartment volume 

of 25 ml. During electrolysis, solutions were stirred magnetically 

with a Teflon-coated bar.

15 ml of test solutions (concentration range O.l'^l.O tiM) 

of 5-methyltetrahydropterin in either pH 3 or pH 8 phosphate buffer 

was placed in the working electrode compartment of the electrolysis 

cell. During the electrolysis, the current was monitored and when 

it had decreased to a low, constant value, the counts per unit time 

produced by the coulometer were noted and the electrolysis stopped. 

Completion of oxidation was confirmed by the absence of the volt­

ammetric oxidation peak of 5-methyltetrahydropterin.
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Thin-Layer Spectroelectrochemistry Experiments

Thin-layer spectroelectrochemistry experiments utilized a 

Harrick Rapid Scan Spectrophotometer (RSS) Model B and a signal pro­

cessing module (Harrick Scientific Co., Ossining, New York). Spectral 

sweeps and absorbance versus time curve were recorded on a Hewlett- 

Packard Model 7015 X-Y Recorder.

Optically transparent thin-layer electrochemical cells used 

were similar to those described by Norvell and Mamantov.^^^ Reticulated 

vitreous carbon (Chemtronics International, Inc., Ann Arbor, Michigan) 

was used as the optically transparent electrode. Reticulated vitreous 

carbon (RVC) of 100 ppi (porosity grade) was sliced to a 0.5 mm thick­

ness with a depth constructed cheese cutter. Using liquid organic 

silver (Electro Metallics, East Newark, New Jersey), a copper wire 

was bonded in flame to a 28 mm x 10 mm x 0.5 mm segment of sliced 

RVC. This was then positioned between two 25.4 mm x 50.8 mm x 1.6 mm 

quartz slides (Esco Products, Oak Ridge, New Jersey) with carbon 

extending slightly beyond the shorter sides of the quartz slides. 

Hysol-Epoxi Patch resin was used to position the RVC. The longer sides 

of the slides and a portion of the top adjacent to the carbon was 

sealed with epoxy resin. Part of the attached copper wire was left 

extending from the epoxy resin for electrical contact to the carbon 

electrode. This left an open ended assembly allowing for solution 

circulation and carbon surface reconditioning. A  consistent carbon 

surface was obtained by the rapid circulation of an air/water mixture. 

This agitation was induced by suction and followed by a distilled
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water wash to remove any trapped air. Controlled potentials applied 

to the electrode were maintained with a Princeton Applied Research 

Corporation Model 174A Polarographic Analyzer. The advantage of an 

optically transparent carbon electrode compared to a gold-minigrid 

electrode is the extended potential range that is available at the 

former electrode without oxidation of the electrode. This occurs 

with a gold electrode upon exceeding ca. +0.75 V vs. SCE.

Isolation of Electrolysis Products

After complete oxidation of 5-methyltetrahydropterin on the 

plateau of the major oxidation peak (+0.5 V vŝ . SCE) in pH 3 phosphate 

buffer, the yellow solution of products was lyophilized, yielding a 

yellow solid. A  liquid chromatographic separation method utilizing 

a dual column was used for the separation of the oxidation products 

from the salts (phosphate and chloride). This system employed a 

2.5 cm X 100 cm Pharmacia column containing 90 cm of Sephadex G-10 

and 2.5 cm X 45 cm Pharmacia column containing 30 cm of Sephadex 

G-10. These columns were used in conjunction with a three-way valve 

for sample introduction and for switching to different solvent reser­

voirs. Doubly distilled water was used as an eluent with a flow 

rate of ca. 12 ml/hr.

The eluant from the columns was collected in 4.0 ml fractions 

with an ISCO Model 1200 Fraction Collector (ISCO, Lincoln, Nebraska).

A wavelength was selected where all eluted compounds of interest 

gave significant absorbance values, and UV absorbance for each fraction 

was obtained on a Perkin-Elmer Hitachi Model 124 spectrophotometer
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using 1.00 cm quartz cells.

Freeze drying was accomplished using a Virtis 12-port manifold 

containing an isopropanol/water mixture cooling trap. This cooling 

was maintained with a Neslab CryoCool Model CC-60. Mass spectra 

were obtained on a Hewlett-Packard 5985 Gas Chromatograph-Mass Spectro­

meter (GC/MS) system. The final identification of products will be 

based on trimethyl silyl derivatives which can be purified by gas 

chromatography and analyzed by mass spectrometry.

Closed tube silylations of 5-methyltetrahydropterin oxidation 

products were performed with bis(trimethylsilyl)trifluoroacetamide(3STFA). 

Silylation results in the replacement of active hydrogen atoms present 

as hydroxyl and/or amine groups by a trimethyl silyl substituent.

This reduces the polarity of the compound and correspondingly makes 

many compounds volatile and thermally stable, i.e., convert them to 

a form suitable for gas chromatographic analysis.

Approximately 0.5 mg of each oxidation product was silylated 

in a 3.0 ml Reacti-Vial (Pierce Chemical Co.) containing 50-75 yl 

of reagent (BSTFA) and 50-75 pi of solvent (acetonitrile). This 

mixture was continuously stirred for 20-30 min. during silylation at 

a temperature of 135°C. Then, using a Hammilton 701N-10 yl syringe,

5.0 yl of the product mixture was injected onto a 2.0 mmi.d. x 6.0 ft. 

chromatographic column (Supelcc, Inc.) containing 3% SE-30 on Chromosorb 

W  [HP] (Pierce Chemical Co.) of a Varian Model 2400 Gas Chromatograph. 

Chromatographic conditions were isothermal for 12 min. at 90*C followed 

by 6“C/min. temperature programming rate up to a 200°C maximum. The 

injector temperature was maintained at 225®C, and the flame ionization
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detector temperature at 30 ml/min. The carrier gas (Ng) flow rate 

was set at 30 ml/min.

Successfully silylated product mixtures were chromatographed 

on a Hewlett-Packard 5985 GC/MS system with all conditions set the 

same except for a 10 ml/min. carrier gas flow rate and detector 

voltages at 70 eV for electron impact.
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RESULTS

Stability of 5-Methyltetrahydropterln in Aqueous Media

The stability of 5-methyltetrahydropterin at several pH values 

was studied by observing the decrease in absorbance of the shortest 

wavelength (218 nm) UV absorption peak with time. Typical results 

are tabulated below in Table 6.

Initially colorless solutions of 5-methyltetrahydropterin 

at basic pH turned pale yellow after 3 hrs. of the exposure in the 

air. Because of the base catalyzed decomposition of 5-methyltetra­

hydropterin, a more extensive study was carried out at pH 3.0.

Linear and Cyclic Voltammetry at the PGE 

Between pH 3-7 at the PGE, 5-methyltetrahydropterin exhibits 

two oxidation peaks (peaks and P^^ in Fig. 30, 31A) which shifts 

CO more negative potential with increasing pH. At pH 3 peak P^ 

appeared at +0.33 V (E^, the peak potential), and peak P^^ appeared 

at ca. +1.24 which is hurried under the background (Fig. 30). Upon

TABLE 6

UV spectrophotometric study of the stability of 5-methyltetrahydro- 

pterin in aqueous solution

Buffer Ionic Strength pH
Decrease in absorbance 

after 30 min. at A = 218 nm

Phosphate 0.5 3.0 no detectable change

water 0.0 5.5 1%

phosphate 0.5 6.9 2%

phosphate 0.5 8.0 4%
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- 20.0 II

-30.0 1.0 0.5 0.0 -0.5 - 1.0

Potential ( Volts vs. SCE )

Fig. 30
Cyclic voltanmogram of 1.0 nM 5-methyltetrahydropterin in pH 3.0 
phosphate buffer at the PGE. Voltage sweep pattern, 0.00V-> -1.42V 

1.20V 0.20V. Scan rate, 200 mV/sec.
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0.0
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— 30.0
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Potential ( Volts v s . SCE )

Fig. 31 A
Cyclic voltammogram of 1.00 nM 5-methyltetrahydropterin in pH 8.0 
phosphate buffer at the PGE. Voltage sweep pattern, -0.25 V -*■ 1.42 V 

-1.60 V ->-0.05 V. Scan rate, 200mV/sec.
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0.0

.NEW
^ -10.0

- 20.0

-30.0

0.5 0.0 -0.5 - 1.0 -1.5
Potential ( Volts vs. SCE )

Fig. 31 B
Cyclic voltammogram of 1.00 nM 5-methyltetrahydropterin in pH 8.0 
phosphate buffer at the PGE. Voltage sweep pattern, -0.25 V -» 
0.20 V — » -1,48 V — > —0.06 V. Scan rate, 200 mV/sec.
It should be noted that peaks P ™ ,  P ^  and pY are not present. 
Cyclic voltammogram at pH 3.0 shows similar behavior.
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reversing the scan at +1.5 V five reduction peaks appear at 

(1) Ep = +0.25 V for pj, (2) = +0.05 V for (major),

(3) Ep = -0.45 V for (4) E^ = -0.69 V for pj^ (major), and

(5) -0.75 V for P^.

When the scan direction was switched again (at about -1.2 V) 

towards positive potentials, a new oxidation peak emerged at +0.08 V 

^pNEWj at pH 3. It should be noted that reduction peaks P^^^, P^^ 

and Pp are not present (Fig. 31B) when the scan direction is reversed 

at about +0.45 V (i.e., immediately after the first oxidation peak).

This behavior strongly suggests that these three reduction processes 

are due to the reduction of the products formed in the P^^ process.

The peak current ratio of the first two reduction peaks, iply 

ipl^, become larger at higher scan rates, i.e., the peak height 

of Pp becomes relatively higher than that of P^^ (Fig. 32). This 

suggests that the product (B) of the first oxidation process (P^) 

undergoes a chemical reaction to give another species (C) which is 

more difficult to reduce.

A 2 B + ne
+

D $ C +  ne

Upon assuming a cyclic voltammogram at the end of a controlled potential 

electrolysis at +0.45 V at pH 3, P^^ still remains, and P^, P^^, and 

Pp are no longer observed.
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1.2

R 0.8

0.4

8.0 10.04.0 6.02.0
Scan rate ( Volts/sec )

Fig. 32
Variation of the peak current ratio, i^I / i_%% , with the scan

R  R
rate for 5-methyltetrahydropterin in pH 3.0(0) and in pH 8.0(D)

phosphate buffer at the PGE.
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pH Study

At higher pH the oxidation peaks are shifted towards more

negative potentials, and the cyclic voltammogram essentially remains

the same except (a) three additional minor oxidation peaks emerge and

(b) one additional reduction peak emerges. For example, at pH 8

(Fig. 31A and 31B), the oxidation peaks appeared at (1) = +0.10 V

for (major), (2) E = +0.25 V for (new), (3) E = +0.42 V foro p  o p
pIII (new), (4) E = +0.89 for P^^ and (5) E = +1.30 V for P^ (new), o p o p  o
and reduction peaks appeared at (1) E^ = +0.02 V for P^, (2) E^ = 

-0.15 V for pll, (3) E = -0.75 V for P„^^, (4) E = -0.92 V forK p K p
P*^, (5) E = -1.12 V for p Y, and (6) E = -1.48 V for P^ (new).

K  p K  p T

When the scan direction was switched again (at about -1.6 V) towards 

positive potential, a new oxidation peak (P^^^) emerged at E^ =

-0.15 V and this behavior is quite similar to that at pH 3.0.

Among the oxidation peaks, the first oxidation peak (P^)» 

which is the largest and due to a major oxidation process, is the 

main object of this investigation.

E vs. pH Plot 
■P...— _________

A plot of peak potentials (E^ v s . pH (Fig. 33) gave a straight

line with a slope of 0.065 (eqn. (53)) and 0.061 (eqn. (54)) for the
I NEW —P^ and P^ , respectively, which suggests that the same number of e

(n) and H^(p) are involved in the two oxidation processes.

Ep = (0.50 - 0.065 pH) V for pj (53)

E = (0.28 - 0.061 pH) V for P ^ ^  (54)p o
Determination of p/n ratio for the minor oxidation peaks was very
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Pq ( The major oxidation peak )

pNEW( Yhe new oxidation peak
observed on second sweep )

cn

0.4
a.

•H
0.2-

3.0-

- 0.2

-0.4

2.0 4.0 6,0 8.0 10.0

Fig. 33
Variation of peak potentials(Ep) with pH for 1.00 5-methyltetra­
hydropterin at the PGE. Scan rate 5 mV/sec.
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difficult because of small peak currents which are sometimes irre- 

producible.

i vs. pH Plot 
P — __________

A plot of peak current vs. pH for peak is shown in Fig.

34, and clearly the peak currents are virtually independent of pH.

This indicates that the protonated form of 5-methyltetrahydropterin

can undergo oxidation electrochemically as readily as the neutral

form can, since 5-methyltetrahydropterin (pK^ = 5.99) exists as a
195protonated form at pH 3 and as a neutral form at pH 8.

Scan Rate Study

Studies of the dependence of peak current upon potential scan

rate revealed that for peak P^ an increase in peak current function,
1/2 2 i /AC V (where i = peak current (vA). A  = electrode area (cm ),P P

C = bulk concentration of electroactive species, (mM i ), and V = 

voltage sweep rate (V sec ^), with increasing scan rate V (Fig.35 ).

Such behavior is usually indicative of reactant adsorption at the
201electrode. The steeper slope observed at pH 8 indicates that

5-methyltetrahydropterin is more strongly adsorbed at this pH than 

at pH 3.

Concentration Study 

The involvement of adsorption was confirmed by studies of 

the dependence of peak height upon concentration. For a diffusion 

controlled peak, the height of the peak should vary directly as the 

concentration increases; therefore, a plot of i^/C v s . C should
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c8<uP4

2.0

4.0 6 . 0 8.0 10.0
pH

Fig. 34 I
Variation of peak currents(i^) with pH for peak of 1.00 nM

5-methyltetrahydropterin at the PGE in phosphate buffers.

Scan rate, 20 mV/sec.
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4.0

3.0

1/2

2.0 - Q
00

1.0

40302010

( mV^/Z/secl/Z )

Fig.35 ,1/2Variation of i /V with the scan rate for 1.00 mM 5-methyl- P -
tetrahydropterin at the PGE at pH 3.0(0) and pH 8.0(D) phosphate 

1/2buffers. i^/V was used instead of the peak current function( 
1/2ip/ACV ), since the electrode area(A) and the concentration(C)

remained constant during the measurements.
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yield a straight line parallel to the concentration axis. However,

for a process in which adsorption is a factor, i^/C decreases with
202 Iincreasing concentration. It can be seen that the peak exhibits

behavior characteristic of adsorption from Fig. 36.

Controlled Potential Coulometry 

At pH 3.0 and 8.0 at the appropriate controlled potentials, 

which were slightly (ca. 100 mV) more positive than the oxidation 

peak potentials, showed that 2 electrons per molecule are involved 

in the oxidation of the compound (Table 7). The colorless solution 

of 1.0 mM 5-methyltetrahydropterin turned yellow after about 1 1/2 

hrs. of electrolysis, and it usually took 8-12 hrs. to reach completion 

of electrolysis. After complete oxidation at the above pH values, 

the solution showed decreased absorbance at the characteristic UV 

spectrum of 5-methyltetrahydropterin (\^^^ = 265 nm at pH 3.0), but 

instead showed a completely new UV absorption peak at 385 nm (Fig. 37) .

TABLE 7

Coulometric determination of the number 

oxidation of 5-methyltatrahydropteridin

of electrons involved in the

Buffer

Ionic
Strength

(M) pH

Initial
Concentration

(mM)

Controlled 
Potential 
(V vs. SCE)

n-values 
(mean ± 

std. dev.)
number 
of runs

phosphate 0.5 3.0 0.1 +0.45 2.19+0.29 3

phosphate 0.5 3.0 1.0 +0.45 2.12+0.33 9

phosphate 0.5 8.0 0.1 +0.20 2.10±0.24 3
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Fig. 36 I
Variation of i./C with concentration(C) at the PGE for peak 
of 5-methyltetrahydropterin in pH 3.0 ( 0 , 5  mV/sec;#,20 mV /sec) 
and in pH 8.0 ( 0 , 5  mV/sec) phosphate buffer.
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Fig. 37
UV spectrum of 5-methyltetrahydropterin in pH 3.0 phosphate buffer 
before(A) and after(B) the controlled potential electrolysis 
at +  0.45 V.
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Spectroelectrochemical Study for the Intermediate Detection

A typical u.v. spectrum obtained prior to electrolysis of

5-methyltetrahydropterin at pH 3.0 at RVC electrode in a thin-layer

cell is shown in curve A of Fig. 38. The X values occur at 218 nmmax
and 266 nm. Upon application of a potential of +0.5 V the u.v. peak at 

218 nm decreases with time and shifts towards a longer wavelength. 

Correspondingly, the UV peak at 266 nm increases with time and also 

shifts towards longer wavelengths.

The trace B in Fig. 38 represents the spectrum of an exhaustively 

electrolysed 5-methyltetrahydropterin solution. When the potential 

was turned off the final trace barely changed with respect to time, 

and this strongly suggests that the lifetime of the possible inter­

mediate is very short.

Most methyl derivatives of 5,6,7,8-tetrahydropterin exhibit 

two maximum absorption bands around (215-225)nm and (264-275)nm in

acidic pH and the two for the corresponding dihydropterins
- 203*20A'*generally shift towards longer wavelength ’ . This also suggests

that the product of this short terra electrolysis likely be a dihydro­

pterin.

A u.v. spectrum obtained prior to electrolysis at pH 8.0 is 

shown in curve A of Fig. 39 where two absorption maxima are observed 

at 220 nm and 285 nm. As the electrolysis proceeds, the two peaks 

disappear, and correspondingly a new absorption band appears and grows 

(X^ajj - 245 nm). The latter peak reaches a maximum (trace B) and 

then it also decreases. This strongly supports the view that upon 

electrochemical oxidation of 5-methyltetrahydropterin in basic pH 

(pH 8), an unstable intermediate absorbing at 245 nm is formed.
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Fig. 38
UV spectrum of 10.0 mM 5-methyltetrahydropterin solution electrolyzing 
at +0.50 V in pH 3.0 phosphate buffer at a graphite electrode in a 
thin layer spectroelectrochemical cell. Trace A is the spectrum 
before the electrolysis and trace B is the spectrum of an exhaustively 
electrolyzed solution.
Repetitive scans are 5.0 seconds.
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Fig. 39
UV spectrum of 10.0 nM 5-methyltetrahydropterin solution electrolyzing 
at + 0.15 V in pH 8.0 phosphate buffer at a graphite electrode in a 
thin layer spectroelectrochemical cell. Trace A is the spectrum 
before the electrolysis, trace B is the spectrum of the intermediate, 
and trace C is that of the exhausitively electrolyzed solution. 
Repetitive scans are 5.0 seconds.
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Curve C In Fig. 39 is the spectrum of an exhaustively elec­

trolyzed 5-methyltetrahydropterin solution at a time when all of the 

u.v-absorbing intermediate has disappeared. The first order rate 

constant (k^) for the decay of this intermediate is ca. 1.9 x 10 ^ 

sec which corresponds to the half life of ça. 364 sec.

Isolation of Products 

The yellow solution of oxidation products of 5-methyltetra­

hydropterin in pH 3 phosphate buffer was lyophilized to give yellow 

solid, and a dual G-10 column was used to separate the products from 

the salts, namely phosphate and chloride (Fig. 40).

Complete removal of salts from the product was not yet possible 

with this separation method. However, a mass spectrum (direct in­

sertion, detector voltages at 70 eV) of the impure yellowish brown 

solid, which was very hygroscopic, was obtained (Fig. 41) and it was 

quite reproducible. It is not very clear at present whether the 

98 (m/e) peak is due to a molecular ion or a fragment ion, although 

a mass spectrum (Fig. 42) of GC/MS of silated products seemingly 

suggest that the 98 (m/e) peak can be indeed due to the molecular 

ion which has three replaceable hydrogens. It is necessary to run 

MS at a lower energy (12 eV) to confirm the 98 (m/e) peak.
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Fig. 40
Liquid chr matogram of the oxidation products of 10.0 mg of 5-methyl­
tetrahydropterin in pH 3.0 phosphate buffer electrolyzing at +  0.45 V 
(vs. SCE ) and separated in a dual column, single system of Sephadex 
G-10 which was eluted with doubly distilled water. Flow rate was 
set at 20 ml/hr and the UV absorption was monitored at 200 nm.
Peak A  ; phosphate. Peak B ; chloride. Peak C ; yellow product.
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Fig. 41
Mass spectrum ( direct insertion, 70 eV ) of electrolysis product 
of 5-methyltetrahydropterin in pH 3.0 phosphate buffer.
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of 5-methyltetrahydropterin in pH 3.0 phosphate buffer.
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Possible Reaction Scheme

It has been suggested that quinonoid dihydropterins are the

initial, unstable dihydro products of non-enzymatic oxidation of 
205-209tetrahydropterins. A substantial amount of evidence indicates

that this labile intermediate rapidly rearranges to the more stable 

7,8-dihydropterin.

Tetrahydropterin Quinonoid-6,7- 7,8-Dihydropterin
dihydropterin

206Archer and Scrimgeour, for example, oxidized 6,7-dimethyl-5,6,7,8- 

tetrahydropterin with ferricyanide and proposed that the corresponding 

qulnonoid-dihydropterin, which rearranges to 7,8-dihydro compound,

is formed. There is also evidence that 5-methyl-5,6,7,8-tetrahydro-
210 211 folic acid and 5-methyl-6,7-diphenyl-5,6,7,8-tetrahydropterin

undergo oxidation to give corresponding quinonoid ions which either

hydrate to unstable 4a-hydroxy-5-methyl-5,6-dihydropterin or rearrange

to 5-methyl-5,6-dihydropterin.

Therefore, it is proposed that 5-methyltetrahydropterin

(A) undergoes a two electron/two proton electrochemical oxidation at

PGE in pH 3 phosphate buffer. Probably the immediate product is a
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quinonoid ion (B) which rapidly undergoes rearrangement to 5-methyl- 

5,6-dihydro compound (C) and this 5,6-dihydro compound is more difficult 

to reduce to a product (D) than the quinonoid ion.

(D)

(B)

(C)

Although the product of a short term electrolysis in the thin 

layer spectroelectrochemical cell might be 5-methyl-5,6-dihydropterin

(C), the product of a long term electrolysis under controlled potential 

coulometric cell is quite different from C as evidenced by UV data 

and the structure is yet to be elucidated.
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APPENDIX

COMPUTER PROGRAM S

A. Program INTGN2P

B.

C.

D.

E.

F.

G.

CRVFIT

ELCAP

ECFP

SDC

PIRICALC

PIRICALI

Integration of capacitance data .

Fitting of background 0^ vs. E data to various 
polynomial equations .

Calculation of surface tension values from 
the electrocapillary pressure data .

Fitting and differentiations of raw v s . E data 
to calculate charges and capacitance, 
and plotting .

Fitting of IT vs. In c data to the generalized 
Frumkin equation, 
and plotting.

Fitting of Tfvs. In c data to the empirical 
equation( composite of potentials ).

Fitting of "jf vs. In c data to the empirical 
equation( individual potentials )

NOTE:

1) Programs A, E, F and G were originally developed by Dr. Sherril 
D. Christian in this Department.

2) Programs B, C and D were originally developed by the author.

3) Programs B, D, E, F and G utilize a subprogram NLLSQ. NLLSQ is a 
non-linear least squares subroutine which may be called by WATFIV
or FORTRAN from the library of the Computing Center of the University 
of Oklahoma. The subroutine was developed by Dr. Eric Enwall in 
this D e p a r t m e n t , 112 and the version used here was updated in May, 1976.
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A, Program INTGN2P

This is a program to calculate differential capacitance form the cap­
acitive current vs. potential curves from the phase-selective a.c. polar- 
ographic measurement, namely, this program will carry out the following ;

1) Calculate the differential capacitance from the raw capacitive current
2) Calculate the charge values by numerical integration of C vs. E curve
3) Calculate the surface tension values by integrating the q vs. E curve
4) Calculate the surface pressure values
5 )  Plot (A) C vs. E, ( B ) q vs. E, (C ) Y  vs. E, and

(D) TT vs. In(concentration )

C A W Ü C f t A M  T C  I N T E G R A T E  D I F F E R E N T I A L  C A P A C I T A N C E  D A T A .
C C AR O 1 I S  T I T L E .  C AR D 2  I S  N O .  OF  C O N C E N T R A T I O N S .  N C .  OF
C P O T E N T I A L S  T H E  NUMBER O F  T H E  ECM P O T E N T I A L  F R O M T H E  F I N A L
C p o t e n t i a l  > AND E I T H E R  A 0 OR A I D E N O T I N G  U S E  OF 1 OR MORE
C C O N V E R S I O N  F A C T O R S . R E S P E C T I V E L Y . A N O T H E R  1 CR 0 D E N O T I N G  WH E T H E R
C OR NOT Y O U  WANT A P R I N T  O U T  OF  R E S U L T S .  AND A F I N A L  I  OP 0
C D E N O T I N G  U S E  OF  P R I N T E R  OF N O T . ( E A C H  R E S P E C T I V E L Y )  -  3  S P A C E S  E A C H
C C AR D  4  I S  T H E  V A L U E  O F  T H E  F I N A L  P O T E N T I A L .  T H E N  T H E  P O T E N T I A L
C I N C R E M E N T S ,  AND THEN T E H  C O N V E R S I O N  F A C T O R .  I F  O NL Y  O N E  I S  U S E D .
C I F  M O P E  T H A N  ONE P C 0 N V E R 3 I O N  r A C T O R  I S  U S E D .  T H E N  T H E  N E X T  C A P O S
C G I V E  T H E  F A C T O R ' S  V A L U E  AT E AC H  C O N C E N T R A T  I O N - 1 0  S P A C E S  E A C H .
C L E A V E  T H E S E  C A R D S  CUT I F  ONL Y ONE  F A C T O R  I S  U S E D  . T H E  N E X T  C A R D S
C ARE t h e  V A R I O U S  C U N C E N T R A T I O N S - 1 0  S P A C E S  E A C H .  F I N A L L Y .  T HE
C V O L T A G E  R E A D I N G S  A R E  G I V E N .  B E G I N N I N G  W I T H  T H E  F I N A L  P O T E N T I A L ,
C 6  S P A C E S  E A C H ,  AND A NEW C A R D  F O R  A NEW C O N C E N T R A T I C N .  THE
C Ü A C X G F C U N D  MUST 8 E T H E  F I R S T  C O N C E N T R A T I O N .
C

I N T E G E R  T I T L P
0 1 VENS I O N  E ( ^ 0 ) . C ( 3 0 ) . V L T G  < 3 0 . 4 0  ) . CAP C 3 0 . 4 0 ) . Q R K D (  3 0 . 4 0 ) . T I T L E { 2 0 )  

* .  0 ( 3 0 . 4 0 ) . G ( 3 0 . 4 0 )  . G M A X ( 3 0 )  . P I ( 3 0 . 4 0  ) . 3 C ( 3 0 . 4 0 ) . C C N V ( 3 0 )
* .  V L T R  ( 3 0 . 4 0 ) .  R L N C C 5 0 )  . R L N C S ( 3 0  ) . 3 S (  3 0 . 4 0 ) .  Y P ( 3 0 ) . Y O ( 3 0 )  . Y F ( 3 0 )
*  .  D D O ( J O  , 4 0 )  . G 0 0 ( 3 0 . 4 0 ) .  T I T L R ( 2 0 )

R E A L * d  C H ( J O )
R £ A O ( 5 , t O O ) T I T L E  
R E A O ( 5  .  1 0 0 ) T I T L P

1 0 0  F E R M A T ( 2 0 A a )
RE 4 0 ( S  ,  1 0 1  ) l C . L E . N E C V . M N C C N V .  I P F I  N T . I P L C T

1 0 1  F O R M A T ( 1 0 1 3 )
R E A D C 5 . 1 0 2  ) F N L P 0 T . P Ü T I N C , S I C L N V .  Q i C N E . G I C N E

1 0 2  F E R M A T ( 8 F 1 0 . 8 )
C * * * * * * * * * * * * * * * * * * * * * * * * * *

I P R I N T = 0  
I P R I N T = 1  

I P L C T = 0  
I P L C T = 1  

I P N C H = 1  
I P N C H = 0  

K R =  1
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* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

I F ( M N C O N V . E Q . O )  GO TO 9 9 7  
R £ A O ( b , 9 9 6 ) ( C G N V ( 1 ) , 1 = 1 , L C )

9 9 6  F C f i M A T C e F l O . d » / . 8F 1 0 . e , / , 8 F 1 0 , 8 )
GC T O  9 9 5

9 9 7  C O N T I N U E
DO 9 9 4  1 = 1 , LC 
C C N V (  I  ) = S I C O N V

9 9 4  C O N T I N U E
9 9 5  C O N T I N U E

R E A O ( 5 , 1 0 3 )  ( C ( I ) , I =  1 , 1 0 ) ,  ( C H ( 1 ) , 1 =  1 , 1 0 )
* .  ( 0 ( 1 ) , 1 = 1 1 , 2 0 ) ,  ( C H ( I ) , 1 = 1 1 , 2 0 )
*  ,  ( C ( 1 ) , 1  =  2 1 . 3 0 ) ,  ( C H ( I  ) ,  1 =  2 1 , 3 0 )

1 0 3  f o r m a t  ( 1 0 F 7 , 3 , T 1 , 1 0 A 7  /  1 0 F 7 . 3 , T 1  , 1 3 4 7  /  1 O F 7 , 3 , T 1 , 1 0 A 7  ) 
DO 1 0 5  1 = 1 , L C
R E A 0 ( 5 , 1 0 4 ) ( V L T R ( I , J ) , J = l , L E )

1 0 4  F O R M A T ( 1 3 F 6 . 4 , / , 1 3 F 6 . 4 , / , 1 3 F 6 . 4 )
1 0 5  C O N T I N U E

DO 1 5  1 =  1 ,  LC 
DO 1 5  J =  1 ,  L E  
KE =  L E - J + 1
V L T G ( I ,  J )  =  V L T R ( I , K £ )

1 5  C O N T I N U E
R L N C (  1 ) = - 9  , 9 9 9  
DC 1 6  1 = 2 , L C
R L N C (  I  ) = A L O G (  C(  I )  )

1 6  C O N T I N U E  
DC  1 0 6  J = 1 , L E
E ( J )  =  F N L P C T + F O T I N C * (  J - 1 )

1 0 6  C O N T I N U E
DC 1 0 7  1 = 1 , LC 
CO 1 0 7  J = 1 , L =
C A P ( I , J ) = V L T C (  I , J ) * C O N V ( I )

1 0 7  C O N T I N U E  
C E K 3 (  1 ,  1 ) = 0  
DO l o e  J = 2 . L £
O Q e K D = ( C A P ( 1 , J ) + C A P ( 1 , J - 1 ) ) * 0 . 5 * ( E ( J ) - E ( J - 1 ) )
Q Ë K Û d  ,  J )  =  Q E K D ( 1  ,  J - 1  ) + û Q E K C  

1 0 6  C O N T I N U E
DO 1 0 9  1 = 1 , L C  
Q ( I , 1 ) = - 2 6 , 2 1 2 3 9  

0 ( 1 , 1 ) = - 2 4 . 2 1  
0 ( 1 , 1 ) =  G I O N E  

DO 1 0 9  J = 2 , L E
D0 = ( C A P ( I , J ) + C A P ( I , J - 1 ) ) * 0 . 5 * ( E ( J ) - E ( J - 1 ) )
0 ( I , J ) = C ( I , J - 1 ) + 0 0

1 0 9  C O N T I N U E
DC 1 1 0  1 = 1 , L C  
G A M ( I , 1 ) = 0  
D C  1 1 0  J = 2 , L £
D G A V = ( Q (  1 ,  J  ) + 0 ( I  , J - 1  ) ) * 5 . 0 x >  ( E (  J ) - E (  J - 1 )  )
GAM(  I  ,  J )  = G A M (  I  ,  J - 1  )  + CGAM 
I F ( O G A M . L T . O )  G M A X ( I ) = G A M ( 1 , J - 1 ) + D G A M

1 1 0  C O N T I N U E
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O C  1 1 1  1 = 1 , LC 
DC 1 1 1  J = 1 , L =
P K I  ,  J ) = G A M  ( I  ,  J )  - G A M ( 1 f J )
D O Q (  I . J ) =  C ( I , J ) -  Q ( 1 , J )

1 1 1  C C N T I N J E
D C  1 1 2  1 = 1 , LC 
DC 1 1 2  J = 1 , L =
G G {  I , J ) = G A M (  I , J ) - G M A X { I  )

G A M ( I , J ) =  4 I G N E - G » M ( I , j )
1 1 2  C O N T I N U E

I F {  I Ap I M . E G ,  J )  GO T C 1 9 9 9  
C * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * *  P F I  NT R O U T I N E  
C
c  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  g r a n d  o u t p u t

* F I T £ ( t , 1 1 3 )  T I T L E  
l i e  F O R M A T { I H I  , 2 0 A 4 )

V * R I T E ( 6 .  1 1 4 )  L C , L E , F N L P C T , F C T I N C
1 1 4  F O R M A T ( / / / , I X ,  '  N U MJ S f i  OF C O N C E N T R A T  i O N S =  * ,  1 2 , / / ,

*  I X , '  n u m b e r  OF P O T E N T I A L S :  ' , 1 2 . / / , I X , *  P O T E N T I A L  OF C O I N C I D E N C E :  
* •  , F 6 , 3 ,  * V * , / / / , •  I N T E G R A T I O N  I N C R E M E N T S :  • , F 6 . 3  ,  • V • , / / )

8 9 9  C O N T I N U E
DC 9 9 9  1 = 1 , L C
V<R I T E ( 6 ,  1 1 3  I T I T L E
w R I T E ( 6 , 8 9 8  ) C C N V I I )

8 9 8  F O R M A T { / , I X  ,  • C O N V E R S I O N  F A C T O R :  » , F 1 0 , 5 )
» F I T £ ( 6 , H £ )  C ( I )

1 1 5  F O R M A T ( / / / , 2 c X , F 7 , 3 , 1 X , • MM• )
WR I T E ( Ê , 1 1 6 )

1 1 6  F O R M A T ( / / , 1 X , • P O T E N T I A L  C U R R E N T  C A P A C I T A N C E  C H A R G E  P I  S R F  T E N
*  G ( E )  DOG L C G ( D O Q ) * , / )

DC 9 9 3  J : l , L E
W R I T E ! 6 , 1 1 7 )  £ ( J ) ,  V L T G (  I , J  > , C A P (  I , J ) , Q (  I , J ) , P I ( I , J ) , G A M ( I , J )

*  , G G ( I . J )
1 1  7 F O R M A T  < 1 0 F 9 ,  3 )
9 9 8  C O N T I N U E
9 9 9  c o n t i n u e

C
c  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  P I  O U T P U T

C
W R I T E ! 6 , 1 1 3 )  T I T L E  
W R I T E ! 6 , 6 4  )

6 4  F O R M A T !  4 6 X , ' S U R F A C E  P R E S S U R E *  )
W F I T E ! 6 , 6 0 )  ! £ ! 4 0 - J ) ,  J =  9 , 3 1 , 2 )

6 0  F O R M A T ( / /  , '  V O L T A G E * ,  t X ,  1 2 F 7 , 3  )
6 8  F O R M A T ! *  C ! M M ) * ,  I X ,  • L N 0 *  )

P R I N T  6 7 , ! G G !  1 , 4 0 - 1 )  , 1 :  9 , 3 1 , 2 )
6  7  F O R M A T !  * G ! c  ) * ,  9 X ,  1 2 F  7 ,  3 )

P F I  NT 6 3  
6 3  F 0 R M A T ( F S , 3 ,  9 X ,  1 0 F 7 . 2  )

0 0  6 0 0  1 = 1 , L C
W R I T E ! 6 , 6 5  ) C ! I ) , R L N C ! 1 )  ,  ! P I ! I , 4 0 - J )  ,  J =  9 , 3 1 , 2 )

6 5  F O R M A T !  F 8 . 3 ,  F 7  , 3 ,  1 2 F 7 . 3  )
6 0 0  C O N T I N U E
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« R l T E ( e . 6 0 >  ( £ C J ) «  J =  1 . 1 2  >
P R I N T  6 7  , ( Ü G ( 1 . 1 1 , 1 =  1 . 1 2  >
P R I N T  5 8  
CC 6 0 1  1 = 1 . L C
» R I T E ( 6 , 6 5  ) C ( 1  ) . R L N C ( I  ) . ( P I ( I » J )  .  J =  1 . 1 2  )

6 0 1  C O N T I N U E  
1 » P I T E ( 6 . 1 1 3 )  t i t l e  
W R I T E ! 6 , 6 4 )
W R I T E ( 6 , 6 0 )  ( i ( J ) .  J = 1 9 , 3 0 . l )
P R I N T  6 7  ,  ( v i ü (  1 . 1  ) .  1 = 1 9  . 3 0  , 1  )
P R I N T  6 8
DO 6 0 2  1 = 1 , L C
W R I T c ( 6 , 6 5  )  C ( I  l . H L N C d  ) , ( P K I  . J )  , J = 1 9 . 3 0 , 1 )

6 0 2  c o n t i n u e

1 9 9 9  C O N T I N U E

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  P U N C H  R O U T I N E  

I F ( I P N C P . E Q  . 0  ) G O T O  7 9 9  
7 1  F O R M A T ( 9 F 7 . 3 )

W R I T E ! 7 . 7 1 )  ! £ ( 3 2 - J ) , J =  5 . 2 1 , 2 )
W R I T E ( 7 , 7 1 )  ! G 3 ! 1 , 3 2 - J ) ,  J-  5 . 2 1 , 2 )

7 3  F O R M A T !  9 F 7 , 3 .  I X ,  F 7 . 3 . '  U DC • )
DO 7 0 3  1 =  1 . L C
W R I T E ( 7 ,  7 3 )  ! R I ! I , 3 2 - J ) , J =  S . 2 1 . 2 ) .  C ( I >

7 0 2
7 9 9

C

C * » * »

C O N T I N U E
C O N T I N U E

I F ! I P L C T . E Q . O )  GC TO 2 9 9 9
P L O T  R O U T I  NE

C A L L  S E T M S G !  3 0 . '  2 9  I N C H  F L O T T E R .  P L E A S E  • )
C A L L  S E T M S G !  3 0 . '  P R E F E R  B L A C K  3 A L L P C I N T E D  P E N  • )

T H E  G R A N D  F L O T  R O U T I N E  
0 0  1 1 3 3  J = l , L 3  

y p ( l ) =  4 , 2 - 0 . 2 * ! I - l . )  
Y R ( I ) =  7 . 5 - 0 . 2 * !  1 - 1  .  ) 

S S ! I . J ) =  ( P K I ,  J  ) ♦  5 . 0 )  /  
R L N C 3 ! I ) = ( R L N C ! I ) + 4 . 5 ) / l , 5  

1 1 2 2  C O N T I N U E

S . O

c a l l O L C T ( 0 . 0 , - 6 . 0 , - 3 )
C A L L P L  OT ! 0  .  3 , 1 . 0 , - 3 )
C A L L P L C T ! 0 , 0 , 4 . 0 , - 3 )
C a l l S Y M B O L  ! 0 . 0 , — 1 . 0 , 0 . 4 9 . • + . 0 . 0 .
C A L L S Y M B O L  ! 8 . 5 , - 1 . 0 . C . 4 9 , • + . 0 . 0 .
c a l l S Y M B O L  ! 1 7 . 0 , — 1 . 0 , C . 4 9 , • + . 0 . 0 .
C A L L S Y M B O L  ( 1 7 . 0 , 1 0 . 0 , 0 . 4 9 , • * , 0  . 0  .
C A L L S Y M B O L  t 3 . 5 , 1 0 . 0 , C . 4 9 , • * . 0 . 0 .
C A L L S Y M B O L  ! 0 . 0 , 1 0 . 0 , 0 . 4 9 , • + . 0 . 0 .
C A L L S Y M B O L  ( 0 .  0 , 21  . 0 , 0 . 4 9 , • + . 0 . 0 .
C A L L S Y M B O L  ! 8 . 5 , 2 1 . 0 . 0 . 4 9 . • * . 0 . 0 .
C A L L S Y M B O L  ! 1 7 . 0 , 21  «0  , 0 . 4 9 , • + . 0  . 0  .
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S U R F A C E  T E N S I O N  V S .  P O T E N T I A L  
C A L L  O F F S E T  ( 0 . 0 , - 0 . 3 . 2  6 0 . 0 , 2 0 . 0 )
C A L L  P L C T (  1 . 5 0 .  0 . 0 .  - 3  )
DC 3 3 3 1 K =  1 . K R
C A L L  A X I S ( 0 . 0 . 0 . C . 2 9 H  P O T E N T I A L  ( V C L T S  V S .  S C E  ) . - 2 9 , E . 0 . 0 . 0 .

♦ 0 . 0 . - 0 . 3  )
C A L L  A X I 3 ( 0 . 0 . 0 . 0 . 2 o H S U F F A C C  T E N S I O N S  ( C Y N E / C V ) . 2 6 . 9 . 0 . 9 0 . 0 .

♦  2 6 0 . 0 . 2 0 . 0  )
C A L L  P L C T  ( Ü . O .  9 . 0 .  3  )
C A L L  P L C T  ( 6 . 0 .  9 . 0 .  2  )
C A L L  P L C T  ( Ô . O .  0 . 0 .  2  )
C A L L  P L C T  ( 0 . 0 .  0 . 0 .  3  )
c a l l  s y m b o l  ( l . O . A . - j .  0 . 1 .  2 1 H  F R O M  T C P  T C  O O T T C W  , 0 . 0 ,  2 1  > 
C A L L  S Y MB O L  ( 1 . 0 .  Y P ( l ) .  0 . 1 .  '  M I L L I M O L E  * .  0 . 0 .  1 8 )
DC 2 0 0 0  1 = 1 . LC
C A L L  S Y MB O L  ( 1 . 0 »  Y P ( I ) .  0 . 1 .  C H < 1 ) .  C . O .  8  )
C A L L  P L C T I E ( 1 ) . S A M ( I . 1 ) . 1 3 )
CO 1 5 0 0  J = 2 . L E  

1 5 0 0  C A L L  P L C T  ( £  ( J )  . Q A M ( I  . J  ) .  1 2  )
2 0 0 0  C O N T I N U E  

X P T = 1 . 0  
Y P T = 5 . 0  
H T T = 0 .  I S
C A L L  S Y M b C H X P T . Y P T . H T T .  T I T L P  •  0 . 0 . 1 8  )

3 3 3 1  C O N T I N U E
C * * * * * * * * * * * * * * * * * * * *  S U R F A C E  P R E S S U R E  V S .  L N ( C C N C )

C A L L  P L C T ( 0  . 0 . 0 . 0 .  3 )
C A L L  P L C T (  8 . 5 . 0 . 0 .  - 3 )
DC 3 3 3 2  K = l . K R

C A L L  A X I S ( 0  . 0 . 0 . 0 .  1 9 h  L N  C C N C E N T R A T  I C N  . - 1 9 . 6 . C . O . 0 . - 4 . S . 1 . 5  ) 
C A L L  A X I S ( 0 . 0 . 0 . 0 . 2 o H S U P F A C £  P R E S S U R E  ( CY N E / C M ) . 2 6 . 9  .  0 . 9 0 . 0 .

* - E . 0 . 5 . 0 )
C A L L  P L C T  ( 0 . 0 .  9 . 0 .  3  )
C A L L  P L O T  ( o . O .  9 . 0 .  2  )
C A L L  P L C T  I 6 . 0 .  0 . 0 .  2  )
C A L L  P L C T  ( 0 . 0 .  0 . 0 .  3  )
O ù  1 1 0 0  J = 1 3 . 2  7 . 2  

v S = ( J / 2 ) - 6  
J G = ( J - 3 ) / 2
V C ( J G ) =  7 . 0  -  0 . 2 * ( J G -  I )

C A L L  S Y M B C L t  1 . 0 .  Y Q ( J G ) . 0 . l .  J S .  0 . 0 .  - 1  )
C AL L  N U MB E R  ( 1 . 5 .  Y U L J G ) .  0 . 1 .  E ( J ) .  0 . 0 .  3  )
C A L L  S Y M B O L (  R L N C S ( 2 ) . S S ( 2  .  J  ) . 0 . 1 . J S . 0 . 0 . - 1 )
DC 2 1 0 0  1 = 3 . LC 

2 1 0 0  C A L L  S Y M B O L ( R L N C S ( I ) . S S ( I .  J  ) . 0 . 1 . J S . 0 . 0 . - I )
1 1 0 0  C O N T I N U E

C A L L  S Y MB O L  ( 1 . 2 . Y Q ( 1 ) .  0 . 1 .  1 7 H  V C L T S  . 0 . 0 .  1 7 )
X P T  =  1 . 5  
X P T = 2 . 0  
Y P T = 0  . 0  
H T T = 0 . 1 5
C A L L  S Y M B C L I X P T . Y P T . H T T .  T I T l P  .  0 . 0 . 1 8  )

3 3 3 2  C O N T I N U E
C A L L  P L C T ( 2 0 . 0 .  3 . 0 .  3 )
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C * * $ * * * * * * * * * * # * * * * * *  C H A R G E  D E N S I T Y  V S .  P C T E N T I A L

C A L L  C F F 3 E T { 0 . 0 . - 0 . 3 . - 2 Ô . 0 .  4 , 0 )
C A L L  P L C T  ( - e . 3 , 1 1 . 5 , - c )
CC 3 3 3 3  K = l , K R
C A L L  A X I S < 0 , 0 , 0 . 0 , 2 9 1 -  P C T E M I A L  (  V C L T S  V 3 ,  S C E  ) , - 2 9 . 6 , 0 , 0 , 0 ,♦ 0 . 0 , - 0 . 2 )
C A L L  A X I S ( 0 , 0 , 0 , 0 ,  4 3 H  C H A R G E  D E N S I T Y  ( M I C R Q C O U L C M B S  /  S Q ,  CM )  ,

* 4 3 , 9 , 0 , 9 0 , 0 , - 2 6 , 0 ,  4 , 0 )
C A L L  P L C T  { 0 , 0 ,  9 , 0 ,  3  )
C A L L  P L C T  ( 6 , 0 ,  9 , 0 ,  2  )
C A L L  P L C T  ( 6 , 0 ,  0 , 0 ,  2 )
C A L L  S Y MG G L  ( 4 . 0 ,  Y R ( 1 ) ,  0 , 1 ,  • M I L L I M C L E  » ,  0 . 0 ,  1 6 )
OC 2 2 0 0  1 = 1  , L C
C A L L  S Y M B O L  ( 4 . 0 ,  Y S ( I ) ,  0 , 1 ,  C H ( I ) ,  0 , 0 ,  8 )
C A L L  P L C T  (  E ( l ) ,  Q ( I , 1 ) , 1 3  )
OC 1 2 0 0  J = 2 , L £

1 2 0 0  C A L L  P L C T  ( c ( J ) ,  Q ( I , J ) , 1 2  )
2 2 0 0  c o n t i n u e

X P T = l  . 5  
Y P T = 3 . 0  
H T T = 0 , 2 l
C A L L  S Y M 3 C L ( X P T , Y P T , H T T ,  T I T L P  ,  0 , 0 , 1 8  I 

3 3 2 3  C C N T I N U E
C * * * * * * * * * * * * * * * * * * * *  O I f F E R E N T I A L  C A P A C I T A N C E  V S ,  P C T
G

C A L L  C F F S E T (  0 , 0  , - 0  , 3  ,  0 , 0 ,  3 . 0 )
C A L L  P L C T  I 8 , 5 ,  0 , 0 , - 3 )
CC 3 3  3 4  K = 1 , K R
C A L L  A X I S ( 0 , 0 , 0 , 0 , 2 9 H  P C T E N T I A L  < V C L T S  V S ,  S C E  ) , - 2 9 , 6 , 0 , 0 , 0 ,

♦  0 , 0 ,  — 0 . 3  )
C A L L  A X I S ( 0 . 0 , 0 . 0 , 4 5 F  D I F F E R E N T I A L  C A P A C I T A N C E  ( M I C R C F A R A D S / S O , C M  ) 

* , 4 5 , 9 , 0 , 9 0 , 0 ,  0 , 0 ,  8 , 0 )
C A L L  P L C T  ( 0 . 0 ,  9 . 0 ,  3  )

C A L L  P L C T  ( 6 , 0 ,  9 , 0 ,  2  )
C A L L  P L C T  ( 0 , 0 ,  0 , 0 ,  2  )
C A L L  S Y M B O L  ( 2 , 0 ,  Y R ( 1 ) ,  0 , 1 ,  • M I L L I M C L E  ' ,  0 . 0 ,  1 8 )
OC 2 3 0 0  1 = 1 , L C
C A L L  8 YMUC L  ( 2 , 0 ,  Y R ( I ) ,  0 , 1 ,  C H ( I ) ,  0 , 0 ,  3  )
C A L L  P L C T  (  £ ( l  ) , C A P (  I , l  ) ,  1 2  )
DC 1 3 0 0  J = 2 , L £

1 3 0 0  C A L L  P L O T  ( t£ ( J  ) , C A P  ( I  ,  J  ) ,  1 2  )
2 3 C C  C C N T I N J E  

X P T  = l  , 0  
Y P T = 8 . 0  
H T T = 0 , 2 1
C A L L  3 Y M r 3 0 L ( X P T , Y P T , H T T ,  T I T L P  ,  0 , 0 , 1 3  )

3 3 3 4  C C N T I N U E
C A L L  P L C T C O , 0 , 0 , 0 , 9 9 9 )

C
2 9 9 9  C C N T I N U E  

S T C P  
END
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B .  P r o g r a m  CRVF I T

T h i s  i s  t h e  p r o g r a m  t o  f i t  s u r f a c e  t e n s i o n  v s .  p o t e n t i a l  d a t a  f o r  t h e  
b a c k g r o u n d  e l e c t r o l y t e  s o l u t i o n s  t o  a  v a r i o u s  t y p e  o f  p o l y n o m i a l  
e q u a t i o n ,  a n d  i t  w i l l  a l s o  c a l c u l a t e  c h a r g e  a n d  c a p a c i t a n c e  v a l u e s  
b y  s i n g l e  a n d  d o u b l e  d i f f e r e n t i a t i o n  o f  t h e  e q u a t i o n .

$  J O B
1
2
3 1 0 0  0
4
5 1
6
7
8
<?

1 0
1 1
1 2
1 3
1 4
1 5
1 6
1 7
1 8
1 9
2 0 2
2 1 3
2 2
2 3
2 4
2 5
2 6
2 7 4 1  0
2  8
2 9 5 1
3 0 5

C
3 1 9
3 2
3 5
3 4
3 5 9 9 9
3 6 10  0
3 7 1 0 1
3 8 1 0 2
3 9 1 0 3
4 0 1 0 4
4  1 1 0 5
4 2 1 0 6
4 3 8 8 8
4 4

I M P L I C I T  P E A L * 8  ( A - H $ C - U , * - Z )
D I M E N S I O N  X ( 2 0 0 . 1 0 ) t Y ( 2 0 0 ) . B ( 1 0 ) . I 6 (  1 0 ) . T I T L E ( l O ) . J J ( l O )
C O N T I N U E  
D O  1 K = 1 . 1 0  
I B ( K ) = 0
R E A 0 ( 5 . 1 0 2 , E N D = 9 9 9 )  T I T L E  
W B I T E ( 6 * 1 0 S )  T I T L E  
R E A D  ( 5 .  l O O N O . N P .  NCM t M .  I D  . I P  
M R I T E 1 6 .  1 0 5 ) N C , N P . N C M . M . I D . I P  
I F I N C . E G . O  ) S T O P  
i M N P = I A B S ( N P  )
N N C = I A e S ( N C )
MM = I A B S (  M)
N P A = N N P - N C M
I F ( N C M . L E . 0  ) G O T O  3
R E A D  ( 5 . 1 0 0 )  ( J J ( K ) . K = l , N C M )
W R I T E ( 6 . 1 0 4 )  ( J J ( K ) . K = l . N O M )
D C  2  K = 1 . N C M
K K = J J ( K )
I 8 ( K K ) = 1
I F ( I P . E Q . O  ) R E A D  ( 5 . 1 0 1 )  ( 8 ( K ) . K = 1 . N N P )
I F d P . E Q . O  ) * R I T E (  6 .  1 0 6 )  (  B (  K ) .  K = 1  .  N N P )
I F ( N C . L T . 0  ) G C T C  9
DO 4 1 0  J = 1 . N N C
X ( J . 1 ) = - 0 . 2 - 0 . 0 5 * ( J - 1 )
I F  ( X ( 1 , 1 ) . N E . - O . 2 )  w R I T E ( 6 , 8 a 8 )
C C N T I N U E
R E A D  5 1 , ( Y ( J ) . J = 1 . N C )
F O F M A T (  2 3 X  . 6 F 6  .  2  . / .  F 5  . 2  .  9 F b  .  2  . / . F 5  . 2  . 9 F 6  ,  2  . / .  F 5  .  2  .  9 F 6  .  2  )
C C N T I N U E

E ND DAT A M A S S A G E  
C O N T I N U E  
Y ( 2 0 0 ) =  N N P - N O M
C A L L  N L L S Q ( X . Y . B . 1 8 . N P . N N C . M .  I R E T )
G O T O  1 0 0 0  
S T C P
F O R M A T  ( 2 5 1 3 )
F C R M A T ( 8 F 1 0 . 0 )
F O R M A T ( I 0 A 8 )
F O F M A T (  I ' .  1 0 A 8 . /  )
F C R M A T C  I N V A R I A N T  P A R A M E T E R  S U B S C R I P T S  '  . 1 0 1 3 )
F C R M A T ( *  n C = * . I 3 . *  N P  =  * . I 3 . *  N C M = » . I 3 . »  M = * . 1 3 . •  C = * . I 3 . *  I P = » . I 3 )  
F O R M A T ( '  i n i t i a l  P A R A M E T E R  V A L U É S • . / .  2 ( 2 X . 5 ( 1 P D 1 1  .  3 )  ) . / / )
F O R M A T ( I F l . l O X . • YOUR I N I T I A L  P O T E N T I A L  MAY B E  I N  E R R O R * )
E N D
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♦  5  S U B R C U T I N E  Y C  A L C  ( X i  Y •  3  .  YC .  k i DEL 1 1 )
4 6  I M P L I C I T  F E A L * 8  ( A - H . C - Z )
4 7  D I WENS I C N  X ( 2  0 0  •  1 0  ) • Y ( 2 0 0  ) « 8 ( 1 0 )

C Y C A L C  F C U T I N E  S P E C I F I C  TO RUN
4 8  N P A =  Y ( 2 0 0 )
4 9  Y C = 8 ( 2 )
5 0  X ( I , 2 ) = 0 .
5 1  X ( I « 3 ) = 0 .
5 2  0 0  5 1  J = 2 , N P A
5 3  Z = J - 1
5 4  C C E F F = Z * ( Z - 1 . )
5 5  X ( I . 2 ) = X  C l « 2 ) + Z * o ( J ) » ( X ( I .  1 ) - B ( 1 ) ) * » ( J - 2 ) / ( - 1 0 . )
5 6  X(  I , 3 ) = X ( 1 . 2 ) + C C E F F * B ( J ) * ( X ( 1 , 1  ) - B ( 1 ) ) * 4 ( J - 3 ) / ( - 1 0 .  )

5 7  5 1  Y C  =  Y C +  8 ( J ) * ( X ( I , 1 ) - 8 ( 1 ) ) * * ( J - 1 )
5 8  X(  I , 4 ) = B ( 2 ) - Y C
5 9  W D E L = Y ( I ) - Y C
6 0  R E T U R N
6 1  E ND

6 2  S U B R O U T I N E  C C A L C ( X , Y . 3 . O . N P . I )
6 3  I M P L I C I T  H E A L * 8  ( A - H . C - Z )
6 4  D I M E N S I O N  X ( 1 0 0 . 5 ) • Y (  1 0 0 > * 8 ( 1 0  ) . 0 ( 1 0 )

C 0  C A L C  R C U T I N c  S P E C I F I C  T O  R U N  OR DUMMY
6 5  R E T U R N
6 6  END

S E X c C  D A T A  C A R D S  F C L L M  T I H 1 3  C A R D  T R A I L E D  8 Y $ S r C P
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C. Program ELCAP

This is the program to calculate surface tension from the pressure data 
(attained by the Mensor quartz manometer reading) at various potentials. 
It will calculate charge values by numerical differentiation and 
surface pressure by subtractions.
It will also plot (A)(fvs. E, and (B ) IT vs. In (concentration ) .

C
C
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

P R C Û R A M E L C A P

* * * $ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * $ * * * * * * * * * * * # * * * * * * * * * * * * * * * * * * * * * * * * * * $

T H I S  i S  T H E  F P C Û R A M  F C R  T H E  C A L C U L A T I C N  C F  T HE  S U R F A C E  P R E S S U R E  F R C M  
E L c C T K C C A P  I L L A R Y  D A T A  AT V A R I C u S  C O N C E  N T RA T I  C N S  C F  C R G A N I C  C C M P C U N C S .
I T  A L S O  G I V E S  T H E  G ( c )  V A L U E S .

THE C H A R G E  O c N S I T Y  3 Y  0  I F F E F  E N T  I AT I NC- T H E  S U R F A C E  T E N S I O N S .  
T H E  d i f f e r e n t i a l  C A P A C I T A N C E  BY T H E  O C U B L E  D I F F E R E N T I A T I O N  

T HE  S Y M B C L S U S E C  ARE  I
P C T E N T I A L S  

C O N C E N T R A T I C N S  
L i N l C )
Q U A R T Z  ME N S O R  P R E S S U R E  R E A D I N G S  
C O N V E R S I O N  OF  T H E  Q U A R T Z  M E N S C R  I N T C  T OR R  
S U R F A C E  T E N S I O N S  
S U R F A C E  P R E S S U R E S  
ME R C U R Y  H E A D S

E ( 4 0 )
C ( 2 0  ) 
R L N C ( 2 0 )
Q ( 2 0 . 4 0 )  
P  ( 2 0 . 4 0 )  
G ( 2 0 . 4 0 )  
S  ( 2 0 . 4 0 )  
H H ( 2 0 )  
H S ( 2 0 )

T H E
T H E
T H E
T H E
T h e
T H E
T H E
T HE
T HE S O L U T I O N  H E A D S ( I E ,  T H E  B A C K  P R E S S U R E  )

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

R £ A L * a  C H ( 2 0 )
D I ME NS  I O N  E ( 2 2 ) . Q ( 2 0 . 3 J ) . P ( 2 0 . 3 J ) , o ( 2 0 . 3 3 ) . S ( 2 0 . 2 J ) . H ( 2 0 . 3 3 )

*  .  C ( 2 0 ) .  R L N C ( 2 0 ) .  G E ( 3 3 )
*  ,  S S (  2 0 . 4 0 )  . R L N C S ( 2  O)
*  .  T I T L E  ( 2 0  )
*  .  T I T L P (  2 0  )
*  .  Y P ( 2 0 ) ,  Y U ( 2 0 )

R E A 0 ( 5 .  5 3 )  T I T L P
£ 3  F O R M A T ( 2 0 A 4  )

f i c A D ( 5 . 5 3 )  T I T L E  
R E A 0 ( 5 . 5 4 )  C I A .  H H .  H S R .  RH 

5 4  F C P M A T ( e F 1 0 . 3 )
R E A D ( 5 , 5 2 )  ( C ( I ) , I =  I . 1 0 ) .

*  .  ( C < I  ) . 1  =  1 1 . 2 0  ) .
52 f o r m a t

L C  = 1 4  
L C = 1 9  
L C = 1 6  
L C =  9

( 10F7.3. Tl. 10A7 /

( C H (  I )  .  1 =  I . 1 0 )  
( C H (  I  ) .  1 =  1 1 . 2 0 )
1 OF 7 . 3 ,  T l .  1 0 A 7
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L E = 2 9  
I P R N T = 0  
I P R N T = 1  

I O L C T = 0  
I P L C T - l  

I P N C H = 1  
I P N C h = J  

H S = H S P / 1 3 . 6  
OC 5 1 0  1 =  1 . LC 
R E A U  5 1 .  ( G ( I . J ) . J =  1 . L E )

5 1  F O R M A T ( 3 S X  , 4 F 6  . 2 . / .  F 5 . 2 . 9 F 6 . 2 . / . F 5 . 2 . 9 F 6 . 2 . / . F  5 . 2 . 9 F 6 . 2  
5 1 0  C C N T I N U E

R L E = L E  
R F V = R h / R L E  
DC 4 0 0  1 =  1 ,  L C  
DC 4 0 0  J =  1 .  L E
H ( I . J )  =  HH ~  R M * (  I  - 1 )  -  P F V * ( J - 1 )

4 0 0  C C N T I N U E
O C  4 1 0  J = 1 . L E  

E S = - 0 . 1 5  
E S = - 0 . 2 0  
E S = - 0 . 3 0  

E ( J ) =  E S  - 0 . 0 5 * 1 J - 1 )
4 1 0  C C N T I N U E  

M C = L C -  1 
R L N C C 1 ) = - 9 . S 9 9  
0 0  4 2 0  1 = 2 . l C 
R L N C C I ) = A L C G C C C I  ) )

4 2 0  C C N T I N U E
CC 3 0 0  1 = 1 . LC 
DC 3 0 0  J =  1 . L E
PC I . J ) = 1 0 . 1 c 6 6 # U  C I . J )  + C S . 0 2 0 8 * 1 0 * * C - 4 ) ) * 0 C I . J ) * * 2  

* - C 4 . 3 2 0 1 9 * 1 0 * * 1 - 6 ) ) * Q C I . J ) * * 3 + H C I . J ) - H S  
G C I . J ) = C  C I A  ) * C 3 E 3 . 2 2 4 ) * P C  I . J )
S C I . J ) = G C  l . J ) - G C  I . J )

3 0 0  C C N T I N U E
OC  3 1 0  J = l . L i
GEC J )  =  GC 1 . e  ) - ü C 1 . J  )
G E C J ) = G ( 1 . 7 ) - G ( 1 . J )

3 1 0  C C N T I N U E
I F C  I P R N T  . E C  . 0  » GO T u  8 9 9

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
CC 0 0 0  1 = 1 . L C . 2
W R I T E C  6 .  9 0  )
W R I T E  C e .  9 1  ) t i t l e

9 0  F C R M A T  C I H I  )
9 1  F O R M A T  C I X .  2 0 A 4 .  /  )
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P R I N T  9 5 .  L C ,  l e ,  0 1 4 .  H H ,  P H ,  H S  
9 5  F C R M A T ( / , 2 X , • L C = • , I 2 , 3 X , • L E = • , I 2 , 3 X ,  * 0  I  A - • ,  F 9 . e , 3 X

*  ,  ' H H = • , F 6 , 2 . 3 X ,  • P H  = * , F 4 . 2  , 3 X , ' H S = '  ,  F 4 . 2  ,  / /  )
W R I T E !  6 , 9 2  ) C ( I ) ,  C ( 1 + 1 )

9 2  F E R M A T !  1 8 X . F 7 . 3 ,  I X , ' M M ' ,  3 7 X , F 7 . 2 , I X ,  ' M M ' )
W R l T E ! e , 8 0 )

6 0  F C R M A T !  2 ! / ) , 2 !  2 X ,  '  V Ù L T  AüC '  ,  '  M E N S C P ' . I X  , '  P R E S S '  , 2  X ,
*  • S R F  T E N * ,  I X , '  SF  P A S '  , + X )  , / / )

CC 7 0 0  J = 1 , LE
W R I T E ! 6 , 7 0 )  E ! J ) , Q ! 1 , J ) , P ! I , J ) , G ! I , J ) , S ! I , J )

*  , £ ! J ) , 0 ! I + 1 , J ) , P ( 1 + 1 , J ) , G ( I + 1 , J ) , S ! 1 + 1 , J )
7 0  F C R M A T !  2  ! F 9 . 3  , F 6 , 2 , 2 F 9 . 3 , F £ . 3 , 4 X ï )

7 0  0 C C N T I N U E  
e O C  C C N T I N U E  
3 9 9  C O N T I N U E

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
W R I T E !  6 ,  9 0  )
W R I T E !  e ,  9 1  ) T I T L E
P R I N T  9 5 ,  L C ,  L E ,  0 1 A ,  H H ,  R H ,  H S
W R I T £ ! 6 , e n

6 1  F C R M A T !  '  C ( M M ) ' , 2 X , '  L N  C ' , 3 0 X , ' S U R F A C E  T E N S I O N S ' , /
* / / , 2 0 X , ' - 0 . 2 0 V *  , 2 X , ' - 0 , 3 0 V  , 2 X , ' - 0 . 4 0 V  , 2 X , ' - 0 , 5 0 V ,  2 X , ' - 0 . 6 0 V ' ,
*  2 X ,  ' - 0 . 7 0 V ,  2 X , ' - 0 , e 0 V , 2 X , ' - 0 . 9 0 V  , 2 X ,  ' - 1  , 0 0 V '  , / / )

DC 6 1 0  1 = 1 , LC
W R I T E ! 6 , 6 5  ) C ! I  ) , R L N C ! I ) ,  ( G ! I , J ) , J = 1 , 1 7 , 2 }

6 1 0  C C N T I N U E
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

W R I T E !  6 ,  9 0  »
W R I T E !  6 ,  9 1  ) T I T L E
P R I N T  9 5 ,  L C ,  L E ,  DI  ;  ,  H H ,  R H ,  H S
W R I T E ! 6 , 6 0 )

6 0  F C R M A T !  4 6 X , ' S U R F A C E  ^ h E S S U F E ' ,  / /  , '  V C L T A C E ' ,  I I X ,
*  ' - 0 . 2 0 V , 2 X , ' - 0 . 3 0 V ' , 2 X , ' - û , 4  0 V , 2 X , ' - 0 , 5 C V ' , 2 X , ' - 0 . 6  0 V ,
*  2 X , ' - 0 . 7 0 V  , 2 X  , ' - 0 . 9 0 V  ,  2 X , ' - 0  , 9 0 V  • , 2 X  , ' - I  , 0 0 V  , /  )

P R I N T  6 2 . !  Ü E ! I ) ,  1 =  1 , 1 7 , 2 )
6 2  F C R M A T !  '  C-E '  ,  1 4 X ,  9 F 9  . 3  )

P R I N T  6 3
6 3  F C R M A T  ! '  C !,MM ) '  ,  2 X ,  '  LN C  )

OC 5 0 0  1 = 1 , u C
W R I T E ! 6 , 6 5  ) C ! I ) , R L N C ! I ) ,  ! S ! I , J ) , J =  1 , 1 7 , 2 )

6 5  F C R M A T !  F 8 . 3 , F d . 3 , 2 X , 9 F 8 , 3  )
6 0 0  C C N T I N U E  

W R I T E ( 6 , 6 6 )
6 6  F C R M A T ! / /  , '  V O L T A G E ' ,  I I X ,

*  ' - 1 ,  1 5 V  , 2 X , ' - 1 , 2  0 V  , 2 X , '  - 1 . 2 S V  , 2 X , ' - 1 . 3 0 V  , 2 X , ' - l  . 3 5 V  ,
*  2 X ,  • - l  . 4 0 V  , 2 X , ' - 1  , 4 5 V ' ,  2X , ' - 1  . 5 0 V ' ,  2 X , ' - 1  . 5 5 V  , /  )

P R I N T  6 2 , !  G = ! I ) ,  1 = 2 0 , 2 8  )
P R I N T  6 3  
DC 6 0 1  1 = 1 , L C
W P I T E ! 6 , 6 5  ) C ! I  ) , R L N C ! I  ) ,  ! S  ! I , J ) , J = 2 0  , 2 8  )

6 0 1  C C N T I N U E
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C A L L  P L C T ( 0  . 0  . 0 . 0 .  3 )
C A L L  P L C T  (  e . 3 ,  ) . ] .  - 3 )
C A L L  A X I S ( 0  . 0 » 0 . 0 t l  J l -  L N  C L N C E N T P  AT I C N  1 ^ , 6 . 0 . 0 . 0 . - 4 . 5 , 1 . 5  )
C A L L  A X I S I O  . 0 . 0 . 0 . 2 Ô H S U P F A C 5  P K c S S U R t  ( C Y N E / C M ) . 2 6  .  9 . 0  . 9 0 . 0 ,

< - 5  . 0  . 5  . 0  )
C A L L  P L C T  I 0 . 0 .  9 . 0 .  3  )
C A L L  P L C T  (  6 , 0 ,  9 . 0 .  2  )
C A L L  P L C T  ( 6 . 0 .  0 . 0 .  2  )
C A L L  P L C T  ( 0 . 0 .  0 . 0 .  3  )

L E S =  3  
L E T = l 7 

DC 1 I  0 0  J = L E S . L £ T . 2  
J S =  J / 2 - L E S / 2  
J J = <  J - 3 ) / 2
Y G ( J J ) =  7 . G -  0 . 2 * ( J O -  1 )

C A L L  S Y M Ë C L I  1 . 0 .  Y Q ( J J ) . 0 . l .  J S .  0 . 0 ,  - I  )
C A L L  N U M B E R  ( 1 . 5 .  Y Q ( J J ) .  C . l .  E ( J ) .  0 . 0 .  3  )
C A L L  5 Y M B C L I  R L N C S ( 2 ) . S S ( 2 , J ) . 0 . 1 . J S . 0 . 0 . - 1 )
DC 2 1 0 0  1 = 2 . L C 

2 1 0 0  C A L L  S Y M B O L ( R L N C S ( 1  ) .  S S ( I ,  J  ) . 0 . 1 . J S , 0 . 0 . - 1 )
1 1 0 0  C C N T I N U E

C A L L  S Y M B O L  ( 1 . 2 . Y Q ( 1 ) ,  0 . 1 .  1 7M V O L T S  , 0 . 0 .  1 7  1

X P T = 1 . 0  
Y P T = 8 . 0  
H T T = 0 . 2 1
C A L L  S Y M B O L ( X P T . Y P T . h T T .  T I T L P  . 0 . 0 . 1 8 1
C A L L  P L C T  { 0 . 0 .  0 . 0 ,  9 9 9  1

2 9 9 9  C C N T I N U E  
S T C P  
E ND



w= sw
dN= SdN 

ONN=SONN
WON-dNN=VdM 

( W ) S S V I =  dW 
( ON)SaVI=3NN  
( dN) SSV I = dNN 

dOi S  ( 0*0S*C!N)dI  
d I * Q l ‘ W»WCN»dN»rN ( SCI  * 9 )  = J.ia«" 
cl • 3 I ‘ W *rt3N*dN T N  ( 0 0 1 * S )  GVSy

d i l l i  ( r o i  * 9 ) 3 i i a « \
d i m  ( 2 C l ‘ S ) C V 3 U

0=0)31 1 
CT*I=>t 1 3 0  

sse Diro (c *3î?»n ) ai
3*>* 1 = 1  C C O I  DO 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  3
IrHDNdl
0=M3Ndl

i = y > i
2 = y x
E=dX

l = 1 3 1 d l
0 = 1 3 1 d l

I=iNWdI
0 = l N d d I

ZC=31
r c =3- i
1=31
2=31

******************************************************************** 3
SH ‘ -la *HH ‘ VI3 *31  *31 NDKW33 

H3* H*W0‘ Wn*3*5 NDWW03 
( 0 1  ) d 1 I l  i* (01  > 3 1 1 1 1  ' * 

( C Z ) a A * ( 0 ? ) D A * ( C ? ) d A  • *  
( 0 2 ) S 3 N 1 d *  ( OV* 0 2 ) S 5  ' ( O f  02) H* ( 0 ? ) 3 N 1 d *  ( 02  ) 3  ' *

( 0 * * 0 2 ) J r t 9 * ( 0 * * 0 2  > 3 3 * ( 0 * * 0 2 ) 0 0 * ( 0 * * 0 2 )dS * ( 0 * * 0 2 ) 3 0  * *
( 0 * *  0 2 ) 4 3 * ( 0 * * 0 2 ) y d * ( 0 * * 0 2 ) 1 0 * ( 0 * *  0 2 ) 3 0 * ( 0 * *  0 2 ) WO * ( O * ) 3  * ♦  

( O l ) E P I * ( O I ) S 0 *  ( 0 I ) r r * ( C l ) O I * ( 0 T ) B * ( O 0 2 ) A * ( 0 1 * e 0 2 ) X  N 3 I S N 2 W TO
d i i i i  a a o B i N i  
( 0 2 ) H 3  B*1V3d  

( 7 - «H»n- 3*H-V)  g * 1 * 3 d  l i o i l d w l
NI*W WVdDIdd 3

***************************************** *************************** 3
*a 'SA 0 ( P) puB ‘a "SA b ( D) ‘o ux *SAjJ.(q) 'a'SAyU(B) s]o%d os%B 3 1 

•uoxqBnba aqq go (k%3AX3oeds@% ‘apqnop puB axSuTS)suo%3BT3U3 
-asggxp %B3xqK%BUB Xq psuxsqqo bjb sen^BA aouBqxoBdBO puB aSxBqo aqq puB 

‘ uba X B x m o u X x o d  b o q  paqqxg s x  Bqap a *sa m i  aqq qaqq s x  aouaaaggxp 
quBqaodnix aqq qnq '  dVOIS mB%So%d aqq sb auiBS X%%Bxquassa s x  lUBjSoad sxqx

ddOa uiBaSoaa 'Q 

SIT
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I F ( N C M . L e . 0  > G O T O  3
R E A D  ( 5 * 1 0 0 )  ( J J ( K i > K = 1 . N O M )
M R I T £ < 6 ' . 1 0 4 )  ( J J ( K  ) * K = 1  . N C M )
DO 2  K = 1 , N C M
K K = J J ( K )
I8(KK)=1

I 3 S ( K K ) =
C C N T I N U E  
I F ( I P . E O . O  )
I F ( I P . E Q . O  )
I F ( N C . L T . O  )

S 5 5

5 5 4

4 1 1

3 1 0

7 7 7
1000

I 3 ( K K )

R E A D  ( 3 , 1 0 1 )
W P I T £ ( 6 , 1 0 £ )
G C T C  9

* * * * * * * * * * * * * * * $ * * * * * * * * * * * * * *

( B ( K ) , K = 1 , N N F ) 
( 6 ( 0  , K  =  1 , N N P )

C A L L  E L C A P

G O T O  5 5 4  
T I T L E  
C ( L  )
N C ,  N P ,  NCM , ) /  ,  I D ,  I P  
( J J ( K ) , K = 1 , N 0 M )  
t o R I T c ( 6 , 1 0 f c )  ( e ( K ) , K = 1 , N N P )

300

C A L L  E L C A P
c o n t i n u e

N NC  = N N C S  
NP  = N P S  
M = MS  
DO 5  K = 1 , N 0 M  
K K = J J ( K ) 
i n ( K K ) = i a S ( K K )
C C N T I N U E  
I F (  L . E C .  1 )
W R I T £ ( e , 1 0 3 )
* F I T E ( 6 ,  92)
« C = I T E ( 6  . 1 0 5 )
W R I T E ! 6 , 1 0 4 )
I F ( I P . E G . O  )
C O N T I N U E

DC  4 1 1  J = 1 , L E
> ( J, 1 ) = E (J )
C C N T I N U E  
D C  5 1 0  J = 1 , L E  
Y ( J ) =  G M ( L , J )

E ND D A T A  M A S S A G E  
C O N T I N U E  
Y ( 2 0 0 ) =  N N F - N C M

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
C A L L  N L L S Q ( X . Y , d , I d , N P , N N C , M , I K E T )
DC 777 J = 1 , L c
G M F ( l. ,  J )  =  X (  J , 1 0 )

C C ( L , J ) = X ( J , 2 )
C C ( L , J ) = X ( J , 3 )
G E ( L , J ) = X ( J , 4 )
D L ( L . J ) = X ( J , 9 )

C C N T I N U E  
C C N T I N U E  
DC 3 0 0  1 = 1 , L C  
CC 3 0 0  J = 1 , L £
S P ( I , J ) =  G M F d . J )  -  G M F d . J )
P F ( I , J )  = G M F ( I , J ) / 0 . 0 0 2 7 4 0 / 3 3 3 . 2 2 4  
Q F ( I . J ) = ( P R ( I , J ) - H ( I . J ) F H S ) / 1 0 . 6 5 8  
C C N T I N U E  
R L N C ( 1 ) = - 9 . 9 5 9

C A L L  N L L S Q
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DO 420 1=2,LC
R U N C ( I )  =  O U C G ( C ( I  » )

4 2 0  C C N T I N U E
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  P R I N T  R C U T I N E

*  * * * * * * * * * *  * * * * * * * *  * * * * * * * * * * *  GAMMA O U T P U T
* R I T E (  6 ,  9 0  )
W R I T E !  e ,  9 1  ) T I T L E
P R I N T  9 5 ,  L C ,  l _ E ,  C I A ,  H H ,  K H ,  H S
W R 1 T E ( 6 , 6 1 )

6 1  F C R M A T ( 2 0 X , ' S U R F A C E  T E N S I O N S  ' ,  / / )
* K I T E ( 6 , 6 2 )  ( C ( I ) , 1 = 1 , 1 0 )

6 2  F O R MA T  I I X ,  ' C G N C ,  1 2 X ,  I C F 7 , J  )
9 6  F C R M A T ( /  )

W R I T E !  6 ,  9 6  )
DC 6 3 0  J = 1 . L 5
W R I T E ! 6 , 6 3 )  £ { J ) , ! G M F ! I , J ) ,  I  = 1 , 1 0  )

6 3  F C P M A T ! F 8 , 3 ,  9 X ,  1 OF 7 , 2  )
6 3 0  C O N T I N U E

I F ! L C , L 5 , 1 0 . )  G C T C  6 4 1  
W R I T E !  6 ,  9 0  >
W R I T E !  6 ,  9 1  ) T I T L E
P R I N T  9 5 ,  L C ,  L E .  D I A ,  H H ,  R H ,  H S
W R I T £ ! 6 , 6 l )
W R I T E ! 6 , 6 2 )  ! C ! I  )  ,  1 =  1 1 , L C )
W R I T E !  6 ,  9 6  )
DC  6 4 0  J = l , L E
W R I T E ! 6 , 6 3 )  E ! J ) , ! G M F ! I , J ) ,  I  = l I , L C  )

6 4 0  C C N T I N U E
6 4 1  C C N T I N U E

I F ! I P R N T . E G , 3 )  G O T O  8 9 9
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  GRAND O U T P U T

DC 3 0 0  1 = 1 , LC 
W R I T E !  6 .  9 0  )
W R I T E !  6 ,  9 1  ) T I T L E

9 0  F C R M A T ! I H l  )
9 1  F C R M A T !  I X ,  2 0  A 4 ,  / /  )

P R I N T  9 5 ,  LC ,  L c ,  D I » ,  HH ,  R H ,  H S  
9 5  F O R M A T !  / , 2 X , ' L C = ' , I 2 , 3 X , ' L £ = ' , 1 2 , 3 X , ' D I A = ' ,  F 9 . 6 , 3 X  

* ,  ' H H = » , F 6 . 2 , 3 X , ' R H = ' , F A . 2 , 3 X ,  ' H S = ' ,  F 4 . 2  •  / /  )
W R I T E !  6 , 9 2  ) C !  I )

9 2  F O R M A T !  2 6 X  , F 7  . 3  ,  I X ,  ' M M '  ,  /  )
W R I T E ! 6 , a O )

8 0  F C R M A T !  / / ,  2 X ,  ' V O L T A G E ' ,  6 X , ' Q M ' ,  3 X ,  ' G M F  '  ,  5 X ,  ' D E L ' .  3 X  ,
♦  ' P R E S S ' ,  6 X ,  ' G M ' ,  3 X ,  ' G M F I T ' ,  6 X ,  ' G E ' ,  I X ,  ' S R F  P R S ' ,  I X ,
*  ' C H G  D E N ' ,  I X ,  ' D I F  C A P '  , /  )

DC 7 0 0  J = 1 , L £
W R I T E ! 6  . 7 0 )  E ! J )  , 3 M ! I , J ) , G F ! I , J ) , CL  !  I , J  )  .  P R ! I , J )

* , G M !  I ,  J ) ,  G MF !  I ,  J  ) ,  G E Ü . J ) .  S P  ! I  .  J  ) ,  Q Q ! I , J ) ,  C C ! I . J )
7 0  F C R M A T ! I X ,  1 2 !  I X ,  F 7 , 3 )  )

7 0 0  C C N T I N U E  
8 0 0  C C N T I N U E
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* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  P I  O U T P U T

• P I T E I  6 .  9 0  J
W R I T E !  6 .  9 1  ) T I T L E
P R I N T  9 5 .  L C .  L E .  C I A .  H H .  R H .  H S
W R I T E ! 6 , 6 4 )

6 4  F O R M A T !  4 6 X . ' S U R F A C E  P R E S S U R E *  )
W R I T E I 6 . 6 0 )  ! c ( J ) .  J =  1 . 2 E . 2 )

6 0  F C R M A T !  / /  ,  '  V O L T A G E *  .  6 X.  I 2 F  7 . 3  >
6 8  F O R M A T  ! '  C ! M M > * .  I X .  * L N  C* )

P R I N T  6 7 .  ! G E ! 1 ,  I ) .  1= 1 . 2 3 . 2  )
6  7  F C R M A T !  • G E * . 1 I X .  1 2 F 7 . 3  )

P R I N T  6 3  
DC 6 0 0  I = 1 , L C
W R I T E ! 6 . 6 5  > C ! I ) . R L N C ! I I .  ! S P ! I . J ) . J =  1 . 2 3 . 2 )

6 5  F C R M A T !  F 8 . 3 .  F 7 . 3 .  I 2 F 7 . 2  )
6 0 0  C C N T I N U E

W F I T E ! 6 . 6 0 )  ! £ ! J ) .  J =  1 . 1 2  )
P R I N T  6 7  . ! G = ! 1 . I ) . I =  1 . 1 2  )
P R I N T  6 8  
DC 6 0 1  1 = 1 , LC
W R I T E ! 6 , 6 5  ) C ! I ) . R L N C ! I  ) .  ! S P ! I , J ) . J =  1 ,  1 2  )

6 0  1 C C N T I N U E
W R I T E !  6 .  9 0  )
W R I T E !  6 ,  9 1  ) t i t l e
P R I N T  9 5 .  L C .  L E .  D I A .  H H .  R H .  H S
W R I T E ! 6  . 6 4  )
WR I T E !  6  , 6 0 )  ! £ ! J ) .  3 = 1 9 . 3 0 , 1 )
W R I T E !  e .  9 6  )
P R I N T  6 7  .  ! G £ ! 1 • I ) . 1  =  1 9 . 3 0  . 1 )
P R I N T  68 
DC 6 0 2  1 = 1 , L C
WRI T E !  0 . 6 5  ) C !  I ) .  R L N C  ! I ) .  I S P !  I  .  J )  .  3 =  1 9 . 3 0  ,  I  )

6 0 2  C O N T I N U E
1 0 0  F C R M A T  ! 2 5 I 3 )
1 0 1  F C R M A T I 8 F 1 0 . 0 )
1 0 2  F C R M A T ! 1 0 A 4 )
1 0 2  F C R M A T ! • 1  » .  1 0 A 4 . /  )
1 0 4  F O R MA T  ! * I N V A R I A N T  P A R A M E T E R  S U B S C R I P T S  * . 1 0 1 3 )
1 0 5  F O R M A T ! *  N C = *  ,  13  . *  N P = *  .  1 3  .  * NOM= *  .  1 2 .  '  M= • .  I  3  .  * 0 = *  ,  1 3 .  * I P = *  , 1 3 )
1 0 6  F O R M A T ! »  I N I T I A L  P A R A M E T E R  V A L U E S * , / . 2 ! 2 X . 5 ! I P D l 1 . 3 ) ) , / / )

I F !  I P N C H . E Q . O )  G C T C  7 9 9  
7 1  F O R MA T  ! 9 F 7 . 3 )

W R I T E ! 7 . 7 1 )  ! £ ! 3 ) . 3 =  5 , 2 1 . 2 )
W R I T E ! 7 . 7 1 )  ( G E ! 1 . 3 ) .  3 =  5 . 2 1 . 2 )
DC 7 0 3  I = l . L C
W R I T E !  7 , 7 3 )  ! S P !  1 .  J )  . 3 =  5 . 2  1 . 2 ) .  C !  I )

7 3  F C R M A T !  9 F 7 . 3 .  I X .  F 7 . 3 . * U P H  1 1  '  )
7 0 2  C C N T I N U E
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W f i I T E < 7 , 7 1 )  ( E ( J ) . J =  4 , 1 2 , 1 )  
W P I T E 1 7 . 7 1 )  ( G E ( 1 , J ) ,  J =  4 , 1 2 . 1 )
CO 7 0 5  1 =  1 , L C
• R I T E ( 7 , 7 3 )  ( 5 P ( I , J ) , J =  4 . 1 2 , 1 ) ,  C ( I )

7 0 S  C O N T I N U E
W R I T E 1 7 , 7 1 )  ( E ( J ) , J = 2 0 , 2 8 . 1 )
W R I T E *  7 . 7 1 )  ( G E l l . J ) .  J = 2 0 , 2 8 , I )
DC 7 0 7  1 =  l . L C
W F 5 I T E ( 7 . 7 3 )  ( S P (  1 ,  J )  ,  J = 2 0 .  2 6 , 1  ) ,  C ( I )  

7 0 7  C O N T I N U E  
7 9 9  C C N T I N U E

I F ( I P L C T . E G . 0 )  GOT O  2 9 9 9

C A L L  S E T  MSG I 3 0 , *  P R E F E R  B L A C K  B A L L P C I N T E D  P E N  
DO 1 1 3 3  1 = 1 , L C  

Y P < I ) =  4 . 5 - 0 . 2 » ( I - l . )
Y K ( I ) =  7 , 5 - 0 , 2 * ( I - l , )

DC 1 1 3 3  J = 1 , L S
S S ( 1 . J ) =  ( S P ( 1 , J )  + 4 . 0 )  /  4 , 0  
R L N C S ( I ) = ( R L N C ( I ) +  4 , 5 ) / I .  5  

1 1 3 2  C O N T I N U E

P L C T  R O U T I N E  
• )

C A L L P L C T * 0 . 0 . - 6 , 0 - 2 )
C A L L P L O T  * 0  . 0 . 1 . 0 -3)
C A L L P L C T * 0 . 0 , 4 . 0 -2)
C A L L S Y M B O L * 0 . 0 - 1 , 0 . C . 4 9 , + • . 0 . 0 ,
C A L L S Y M B O L * 3 . 5 — 1 . 0 , 0 . 4 9 , + • . 0 . 0 ,
C A L L S Y M B O L * 1 7 ,  0 - 1 . 0 . 0 , 4 9 , + • , 0 . 0  ,
C A L L S Y M B O L * 1 7 , 0 10  .0, C , 4 9 , + • , 0 . 0 ,
C A L L S Y M B O L * 8 , 5 1 0 . 0 . 0  , 4 9 , + • , 0 . 0 ,
C A L L S Y M B O L * 0 .  0 1 0 . 0 . 0 , 4 9 , + • . 0 . 0 ,
C A L L S Y M B O L * 0 , 0 21  . 0 . 0 . 4 9 , + • , 0 . 0 ,
C A L L S Y M B O L * 3 , 5 21  , 0 . 0 , 4 9 , + • , 0 . 0 ,
C A L L S Y M B O L * 1 7 . 0 21  .0. C . 4 9 , + • , 0 . 0 ,

* * * * * * * * * * * * * * * * * * * * S U R F A C E

C A L L O F F S E T * C . 0 . - 0 . 3 , 2 5 0 . C , 2 0 . 0 )
C A L L P L C T  * 1 . 5 0 , 0 . 0 ,  -3 )

V S .  p o t e n t i a l

V O L T S  V S .  S C E  ) , - 2 9 , 6 . 0 , 0 . 0 ,
DC 3 3 3 1  K = 1 , K H
C A L L  A X I S ( 0  . 0 . 0 . 0 , 2 9 H  P O T E N T I A L  (

* 0 . 0 , — 0 . 3  )
C A L L  A X I S * 0  , 0 . 0 , 0 , 2 6 H S U K F A C E  T E N S I O N S  * C Y N E / C M ) , 2 1 ,  9  .  0  . 9 0 , 0 ,  

* 2 5 0 , 0 , 2 0 . 0  )
)
)
)
)
1 ,  2 1 H  F R C M  T O P  TO B O T T O M

. 1 ,  • M I L L I M C L E

C A L L  P L C T  < 
C A L L  P L C T  * 
C A L L  P L C T  ( 
C A L L  P L O T  * 
C A L L  S Y M B O L  
C A L L  S Y MB O L

9 . 0 ,
9 . 0 ,  
0.0, 
0.0 ,

0.0,
6 . 0.
6 .0,
0 ,0,
* 1 . 0  , 4 . 8 ,
( 1 , 0 ,  Y P * 1 ) ,  0

DC 2 0 0 0  1 = 1 , L C
C A L L  S Y M B O L  * 1 . 0 ,  Y P *  I  ) ,  0 . 1 ,  
C A L L  P L O T I E *  1 ) , G M F *  1 ,  D . 1 3 )

3
2
2
3
0 .0.0. 21 ) 

• •  0 , 0 ,  1 6 )

C M * I ) ,  0 . 0 .  8  )
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DC  1 5 0 0  J = 2 . L £
1 5 0 0  C A L L  ■^LCT < £  ( J )  . G M F  ( I  .  J  ) ,  1 2  >
2 0 0 0  C C N T i r j U E  

X P T = 1 , 0  
Y P T = 5 . 5  
H T T - 0  . 1 4
C A L L  i Y M a C L ( X P T , Y P T , h T T  .  T I T L P  .  0 . 0 ,  I d  I 

3 3 3 1  C D N T I . m U E
C * * * # * * * * * * * $ * $ # : * $ # * *  S J P F A C 5  P F E S S U R E  V S .  L N ( C U N C )

C A L L  P L C T ( 0 . 0 , 0 . 0 .  3 )
C A L L  =»LCT ( c . 5 , 0 . 0 ,  - 3 )
DC 3 3 3 2  K = 1 , K K
C A L L  A X I S ( 0  . 0  , 0 . 0 , l O H  L C G  C C N C E N T R A T I C N  , - 1 9 , 6 . 0 , 0 . 0 . - 4 , 5 , 1 . 5  )
C A L L  A X I 3 (  0  . 0 ,  0 . 0 , 2 t ) h S J P F A C £  P R E S S U R E  ( D Y N E / C M )  , 2 6 . 9 . 0 , 9 0 . 0 .  

* - 4 . 0 , 4 . 0 1  
C A L L  P L O T  ( J . ] ,  9 . 0 ,  3  >
C A L L  P L O T  ( 6 . 0 ,  9 . 0 ,  2  )
C A L L  P L C T  ( C . O ,  0 . 0 ,  2  )
C A L L  P L C T  ( 0 . 0 ,  0 . 0 ,  3  )

L E S =  3  
L E T = l  7

DC 1 1 0 0  J = L c 3 , L c T , 2  
J S =  J / 2 - L E S / 2  
J G  = t  J-2)/2
Y G ( J G ) =  7 . 0  -  0 . 2 * ( J G -  1 )

C A L L  S Y M R C L (  1 . 0 ,  Y 0 ( J G ) , 0 . 1 ,  J S ,  0 . 0 ,  - 1  )
C A L L  N U M B E R  ( 1 , 5 ,  Y O ( J G ) ,  C . l ,  £ ( J ) ,  0 . 0 ,  3  )
C A L L  S Y M B O L ( R L N C S ( 2 ) , 5 S ( 2 , J ) , 0 . I , J S , 0 . 0 , - 1 )
D C  2  1 0 0  1 = 3 . L C  

2 1 0 0  C A L L  S Y M B O L ( R L N C S {  I  ) , 3 S (  I ,  J  ) , 0  .  I  , J S , 0 . 0 , - 1 )
H O C  C C N T I N U E

C A L L  3 Y W 8 C L  I 1 . 2 , Y C ( 1 ) .  0 . 1 ,  1 7 H  V C L T S  , 0 . 0 ,  1 7 )
X P T = 1 . 0  
Y P T = a . 0 
H T T = 0 . 2 1
C A L L  S Y M a C L ( X P T , y P T , h T T ,  T I T L P  ,  0 . 0 , 1 8  )
C A L L  S Y M B O L ( 1 , 0 , 8 , 0 , 0 . 2 1 ,  l E H  , 0 , 0 , 1 3 )

3 3 3 2  C C N T I N U E
C A L L  P L C T ( 2 0 . 0 ,  3 . 0 ,  3 )

C * * * * * * * * * < , * * * $ * * * * * *  C H A R G E  D E N S I T Y  V S .  P O T E N T I A L
C A L L  O F F S E T  ( 0 . 0 , - 0 . 3 , - 2 6 , 0 ,  4 . 0 )
C A L L  P L C T  ( - 3 , 5  , 1  1 , 5 , - 3 )
D C  3 3 3 3  K = 1 , N R
C A L L  A X I S C 0 . 0 , 0 . 0 , 2 9 h  P C T c N T l A L  ( V C L T S  V S .  3 C E  ) , - 2 9 , 6 . 0 , 0 . 0 .

* 0 , 0 , - 0 . 3  )
C A L L  A X I S ( 0  . 0 , 0 . 0 ,  4 3 H  C h A F C E  D E N S I T Y  ( M I C R C C O U L C M B S  /  S Q ,  CM ) •

♦ 4 3 , 9 , 0 , 9 0 , 0 , —2 6 , 0 ,  4 . 0 )
C A L L  P L O T  ( 0 , 0 ,  9 . 0 ,  3  )
C A L L  P L C T  ( 6 . 0 ,  9 . 0 ,  2  )
C A L L  P L C T  ( 6 , 0 ,  0 . 0 .  2  )
C A L L  S Y M B O L  ( 4 . 0 ,  Y R ( 1 ) ,  0 . 1 ,  • M I L L I M C L E  • •  0 . 0 ,  1 6 )
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DC 2 2 0 0  1 = 1 i L C
C A L L  S Y M B O L  t  4 . 0 ,  Y n d ) ,  0 . 1 ,  C H  ( I ) .  0 . 0 .  8 )
C A L L  P L C T  ( E d  ) . Q Q (  I .  1 ) •  1 2  )
DC 1 2 0 0  J = 2 . L E  

1 2 0 0  C A L L  P L C T  (  E ( J  ) . 0 0  ( 1 ,  J  ) ,  1 2  )
2 2 0 0  C C N T I N U E  

X P T = 1  .  0  
X P T = l  . 5  
Y P T = 8 . 0  
H T T = 0 . 2 l
C A L L  S Y M e C L C X P T . Y P T . h T T ,  T I T L P  •  0 . 0 . 1 3  )

3 3 3 3  C O N T I N U E
:  D I F F E P E N T I A L  C A P A C I T A N C E  V S .  P C T

C A L L  C F F S E T ( 0 . 0 , - 0  . 3  ,  0 . 0 . 1 0 . 0 )
C A L L  P L C T  ( 8 . 5 .  0 . 0 . - 3 )
DC 3 3 3 4  K = 1 . K R
C A L L  A X I S ( 0 . 0 . 0 . 0 t 2 9 H  P O T E N T I A L  ( V C L T S  V S .  S C E  )  . - 2 9 . 6 . 0 . 0 . 0 ,

* 0 . 0 . —0  . 3  )
C A L L  A X I S ( 0 . 0 , 0 . 0 . 4 5 H  O I F F E P c N T I A L  C A P A C I T A N C E  (  V I C R C F A F A O S / S Q . C M ) 

* . 4 5 . 9 . 0 . 9 0 . 0 .  0 . 0 .  1 0 . 0 )
C A L L  P L C T  (  0 . 0 .  9 . 0 .  3  )
C A L L  P L C T  < Ô . O .  9 . 0 .  2  )
C A L L  P L C T  (  6 . 0 .  0 . 0 .  2  )
C A L L  s y m b o l  ( 2 . 0 .  Y R d ) .  0 . 1 .  • M I L L I M O L E  * .  0 . 0 .  1 8 )
DO 2 3 0 0  1 = 1 . L C
C A L L  S Y MB O L  ( 2 . 0 .  Y R d ) .  0 . 1 .  C H d ) .  0 . 0 .  8  )
C A L L  P L C T  f E d  ) , C C (  I . 1  ) . 1  3  )
DO 1 3 0 0  J = 2 . L E  

1 3 0 0  C A L L  P L O T  f  E ( J ) , C C (  I • J ) . 1 2  )
2 3 0 0  C C N T I N U E  

X P T = 1 . 0  
Y P T = 3 . 0 
H T T = 0 . 2 l
C A L L  S Y M 3 0 L ( X P T . Y P T . H T T .  T I T L P  .  0 . 0 . 1 3  )

3 3 3 4  C C N T I N U E
C A L L  P L C T  ( 0 . 0 .  0 . 0 .  9 9 9  )

2 9 9 9  C O N T I N U E  
S T C P  
E ND

S U B R C U T I N E  Y C A L C ( X , Y . d . Y C . Ü C E L . I )
I M P L I C I T  R E  A L * d  ( A - H . u - Z )
D I M E N S I O N  X < 2 0 0 . 1 0 )  . Y ( 2 0 0 )  .  E d O )

C Y C A L C  R O U T I N E  S P E C I F I C  TO R U N
N P A =  Y ( 2 0 0 )
Y C = B ( 2 )
X (  I . 2 ) = 0 .
X(  I  . 3 ) = 0 .
DC 5 1  J = 3 » N P A  
Z = J - 1  

C C E F F = 2 * ( 2 - 1 . )
X d . 2 )  =  X i  1 . 2  ) + Z * 8 ( J ) * ( X (  I .  1 ) - B (  ! ) ) * * (  J - 2 ) / ( - 1 0 .  )
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X ( I . i )  =  X ( I . 3 ) f C a c F F * d l J ) » ( X ( I . l ) - c } ( l ) ) * * ( J - 3 ) / ( - l O . )
5 1  VC =  Y C +  3 (  J )  * (  X (  I  « 1 ) - > 3 (  1 ) ) * ♦ (  J - 1  )

X ( I . 4 ) = Ü ( 2 ) - V C  
X ( I » 1 0 ) = Y C  
WC E L  = Y (  I ) - Y C  
X ( I ,  9 )  = VHDEL 
FETUPN 
E ND

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
S U B R C U T I N E  OC AJ_ C(  X .  Y ,  3  .  O .  N P  .  I  )
I M P L I C I T  R c A L * d  ( A - h , C - Z )

D I  Y E N S I C N  X l l O J t S )  . Y ( l O O ) . P ( I O ) i D ( 1 0 )
C C A L C  R O U T I N E  S P E C I F I C  TO P UN O h  J U MMY
h c T U P N
E ND

S L 3 R C U T I N E  E L C A P
I M P L I C I T  R E A L * 8  ( A - H  , C - U , * - 2  )
R E A L * 8  C H I 2 0 )
0 1  Y E N S I C N  E ( 4 0 ) . C M ( 2 0 t A O } t P ( 2 0 t 4 0  ) t C M ( 2 0 . 4 0 )  

♦ t  C ( 2 0 ) .  H ( 2 0 . 4 0 ) . T I T L E ! 2 0 )
CCMMÜN E . C . Q M . G M . h  » C H  
C CMMGN L C .  L E .  D I A .  H H .  P F .  H S  
R E A D ( G , 5 3 )  T I T L E  

5  2 F C R M A T ( 2 0 A 4  )
R E A D ! 5 . 5 4 )  D I A ,  H H ,  H S R .  R H 

5 4  F C R M A K B F I O  . 3 )
R E A D ! 5 . 5 2 )  ( C ( I ) . I =  I .  1 0  ) .

* .  ( C ( I ) . 1 = 1 1 . 2 0 )  .
( C H ( I ) . I =  1 . 1 0 )  
( C H ( I  ) .  1 =  1 1 , 2 0 )  
1 0 F 7 . 3 .  T l .  1 0 A 7

.FS.E.ÇFô.a./.FS.E.ÇFe.a )

5 2  F C R M A T  ( 1 0 F 7 . 3 .  T l .  1 0 A 7  /  1 0 F 7 . 3 .  T l .  1 0 A 7  ) 
H S = H S H / 1 3 . 6  
DC 5 1 0  1 = 1 . L C  
R E A D  5 1  . ( Q Y ( I  . J )  . J =  1 . L E )

5 1  F C R M A T ( 2 3 X  . E F 6 , 2 . / . F 5 . 2 . 9 F Ô . 2 . / ,
5 1 0  C C N T I N U E  

R L E = L -  
R F V = R H / R L E  
DC 4 0 0  1 =  1 .  L C  
DC 4 0 0  J =  1 .  L c
H ( I . J )  =  h h  -  R H * ( I - l ) -  R H Y * ( J - 1 )

4 0 0  C C N T I N U E
DC 4 1 0  J = 1 . L E  
E ( J ) = - 0 . 2 - 0 . 0 5 * ( J - 1 )

4 1 0  C C N T I N U E
DC 3 0 0  1 = 1 . L C  
DC 3 0 0  J = 1 , LE

P ( I . J ) = 1 0 . 1 C 6 8 * O M ( I . J ) + ( 0 , 0 0  0 5 0 2  0 8 ) * ( C M ( I . J ) * * 2 )  
*  - 0 . 0 0 0 0 0  4 3 2 8 1 9 * ( U M ( I . J ) * * 3 )  F H ( I . J )  - H S

G M ( I . J ) = (  D I A  ) * ( 3 3  3 . 2 2 4 ) * P ( I . J )
3 0 0  C C N T I N U E  

R E T U R N  
E N D
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E. Program SD C

This is the program to fit TTvs. In c at various potentials to the 
generalized Frumkin isothermal equation in order to obtain 0 ,o(, B 
l^RT, C ’ and Ejj . '

P R G Ü R 4 M  MA I N
I M P L I C I T  R E A L * a  ( A - h , C - U , * - Z )

D I M E N S I O N  P ( 2 0 t l 0 )  . C ( 2 0 )  , E ( 1 0 )  , G t l O )  , P N ( 2 0 . 1 0  ) , R N S ( 2 0 . 1 0 )  
* ,  P N ( 2 0 .  1 0  ) t R N S ( 2 0 1 1 0 ) •  V P ( 2 0 ) .  T I T L P ( I O )
* ,  X (  2 0 0 ,  1 0 ) , V ( 2 0 0 ) , e i l O ) ,  I f c ( l O )  , T 1T L S (  1 0 ) . J J (  1 0 )

CGMMC N RNSCM 
L C  = 1 2  
L C  = l  3 
L C = 4  
L C = 1  1 

L c = 7  
L = = a  

I P L C T = 0  
I P L 0 T = 1  

L = 1
l O O O  C O N T I N U E

OC 1 K = 1 . 1 0
1 I d ( K ) = 0

R E A D ( 5 . 1  0 2 . £ N D - 9 « . 9 )  T I T L E
P £ A O ( 5 . 1 0 2 )  T I T L P
W R I T E C 6 .  1 0 3 }  T I T L E
R E A D  ( 5  » 1 0 0  ) N C . N P , N Ü M , M . 1 0 . I P
V k P I T E ( 6 , 1 0 5 ) N 2 , N P » N C X , M . I C , l P
I P I N J . E Q . O  ) STOP
N N P = I A U S ( N P )
N N C - I  A d S  ( N O  
MM - = I A d S (  M)
n p a -=n n p - n c «
I F ( N G M , L £ . 0  ) G U T C  3
R E A U  ( 5 . 1 3 0 )  ( J J ( < ) , K = 1 , N C M  )
W P I T £ ( 6 , 1 0 4 )  ( J J ( K ) , K =  l  . N C W )
DC 2  K - = 1 , N C M 
K K = J J ( K )

2 I B ( < K ) = 1
3  I F ( I P . S C . O  ) R E A D  ( 5 . 1 0 1 )  ( D ( K ) . K = I , N N P )

I F ( I P . E Q . O  ) r t P I T E ( 6 . l 0 o )  (  6 ( K ) .  K = 1 . N N P )
I F ( N C . L T , 0  ) GOT O  Ç.
R E A D  S O ,  K N2 C M

8 0  F C R V A T (  F 1 0 . 3  )
8 1  F C P M A T (  6 F 7 . 3 ,  E X .  F 7 . 3  >

H E A D  9 1  ,  ( 5 ( 1 ) , 1  = 1 , L E )
R E A D  8 1 .  ( G(  I ) ,  1 = 1 , L c  )
DC 2 5 0  1 =  1 , L C
R E A D  a i , ( P ( I . J ) , J = l , L E )  , C ( I )
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2 5 0  C C N T I N U E
* A I T S ( 6 , 2 1 )  ( C ( 1 ) , I =  l . L C )

2 1  F C R M A T l  /  , 1 X  ,  ' C C N C ( M M ) :  1 5 F 6 . 2 ,  /  ,  I I X .  I S F O . Z  )
WF >I TE(  6 . 2 2 )  ( £ ( I ) . I =  l . L E )

2 2  F O R M A T  ( I X .  * V C L T (  V ) ;  1 0 F 6 . 2 . / )
DC 2 6 0  1 = 1 , N h C
J = {  I - l  ) / L C + l  
K =  I - ( J - 1  ) * L C  
Y< I ) = P ( K . J )
X (  I . 1 >=C CK )
X ( I . 3 ) = E ( J >
X ( I . 4 ) = G ( J )
X (  1 . 2  ) =  0  . 5  

2 t 0  C O N T I N U E
C B E G I N  DAT A  M A S S A G E  T H E S E  C A R D S  S P E C I F I C  TO G I V E N  E X A M P L E

U ( o ) = E ( 6 ) 4 * . 5  
C E N D  D A T A  M A S S A G E

9  C C N T I N U E
C A L L N L L 5 C ( X . Y , e . I D . N P . N N C . V .  I R E T  )
L = L  +  1 
C C T C  1 0 0 0  

9 9 9  C O N T I N U E
DC 2 7 0  I T = 1 , N N 0  
I  =  I T
J T = ( I T - i ) / L C + l  

K T = I T - ( J T - 1 ) * L C  
P N ( K T . J T ) = X (  1 , 9 )
R N ( K T , J T )  =  X (  1 . 5 )

2 7 C  C C N T I N U E
DC 8 8  J = l . L £
* R I T E ( 6 . 1 2 0 )  ( P N ( I . J ) ,  1 = 1 , L C )

8 8  C O N T I N U E
DC 8 7  J = l . L £
W R I T £ ( 6 . 1 2 0 )  ( R N ( I . J ) .  1 = 1 . L C )

8 7  C C N T I N U E  
1 2 0  F O R M A T !  2 0 ( I X , F S . 2 ) )
1 0 0  F O R M A T  ( 2 5 1 3 )

1 0 1  F C R M A T ( 8 F I O . O )
1 0 2  F C R M A T d O A S )
1 0 3  F C K M A T ( • 1 •  , 1 0 A 8 )
1 0 4  F C R M A T C  I N V A R I A N T  P A R A M E T E R  S U B S C R I P T S  ' , 1 0 1 3 )
1 0 5  F C R M A T C  N C = ' . I 3 , '  N P = ' , I 3 . '  N C M = ' , I 3 . '  M= • .  1 2  ,  • C =  , 1 3 , '  I P  =  ' , I 2 )
1 0 6  F C R V A T C  I N I T I A L  P A R A M E T E R  V A L U E S  • , / ,  2  ( 5 X  .  5  ( 1 P D  I 5  , 7  ) ) , / / )

I F ( I P L C T . E C  . 0 )  GOT O 2 9 9 9
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  P L O T  R O U T I N E

C A L L  S E T M S G I  2 0 , '  B L A C K  B A L L P U I N T E O  P E N  P L E A S E  '  )
C * * * * * * * * * *  P I  V S .  L N ( C )  P L O T  F C P  M l  P I  C C M P C 3  

N N O L = N N O - 1 
DO 1 2 3 3  J = 1 . N N C  
0 0  1 2 3 2  I = 1 . N N C L
I F ( X ( I , 9  ) . L T . X ( I * 1 . 9 ) )  G O T O  1 2 3 3  
X P = X ( I . 9 )
X ( I , 9 ) = X ( I + 1 , 9 )
% (  I + l . 9 ) = X P

1 2 3 3  C C N T I N U E
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DC
OC

1 2 3 4
1 2 3 4

J =  l . N N G  
1 - 1 * N N C L

I F ( X ( 1 , 5 ) . L T . X ( 1 * 1 , 5 ) )  G O T C  1 2 3 4  
X C = X ( 1 , 5 )
X< 1 , 5 ) = X ( 1 * 1 , 5  )
X{  1 * 1 , 5 ) = X C

1 2 3 4  C C N T I N U E
DC 1 2 3 5  1 = 1 . NNÜ 

X ( I , 9 )  =  ( X ( I , 9 ) + 5 . 0 ) / 5 , 0  
X ( I , 5 )  =  ( X l I , 5 ) * 6 . 0 ) / 2 . 0

1 2 3 5  C C N T I N U E
DO 1 1 3 3  1 = 1 , LC 
CC 1 1 3 3  J = 1 , L ”
P N S ( I , J ) = (  F  ( I , J ) * 5 , 0 ) / 5 . 0  
F N S ( I , J ) = ( R N ( l , J ) * 6 , 0 ) / 2 , 0  

1 1 3 3  C C N T I N U E
C A L L P L C T 1 0 . 0 , -  6 , 0 , - 3 )
C A L L P L C T  ( 0  . 0 # 1 , 0 , - 3 )
C A L L S YMB OL ( 0 , 0 ,  “ 1 , 0  , 0 . 4 9 , + ' , 0 . 0 ,
C A L L S Y MB O L ( 5 , 5 ,  —1 . 0 , C . 4 9 , * ' , 0 . 0 ,
c a l l S Y MB OL ( 1 7 . 0 ,  —1 . 0 , 0  . 4 9 , * ' , 0 . 0 ,
C A L L S Y MB OL ( 1 7 . 0 ,  1 0 . 0 , 0 . 4 9 , + ' , 0 . 0 ,
C A L L S Y MB O L ( 8 . 5 ,  1 0 . 0 , 0 . 4 9 , + ' , 0 . 0 ,
C A L L S Y MB OL t 0 . 0 ,  1 0 . 0 , 0  . 4 9  , * ' , 0 , 0 ,
C A L L P L O T  ( 1 . 5 3 ,  0 . 5 ,  —3 )
C A L L AX 1 5 ( 0 . 0 #0 . 0 , 1 9 N  L N C O N C E N T R A T I O N  ,
C A L L A X I S ( 0 , 0 90 , 0 , 2 6 H S U R F A C E  P R E S S U R E  ( CY

* —5 , 0 , 5  . 0  )
C A L L C L C T  < 0 # 0 ,  9 . 0  ,  3  )
C A L L P L O T  ( e #3 ,  9 . 0 ,  2 )
C A L L P L C T  ( b #0 ,  0 . 0 ,  2  )
C A L L P L O T  ( 0 #0 ,  0 . 0 ,  3  )
CC 1 1 0 0  J = 1 , L E  

Y P <  J ) = 7 ,  0 -  0 , 2 * ( J -  1 )
I F (  J . E C , 1 )  J 3 = 0  
I F ( J , E Q , 2 )  J S = 2  
I F (  J , E G , 3 )  J 3 = 4  
I F  ( J . E C . 4 )  J S = 1  
I F C  J . E Q . 5 )  J 5 = 3
1 F (  J . E Q . 6 ) J S = 5  
I F (  J . E Q . 7 )  J 3 = 9  

C A L L  S Y Y B C L l  1 . 0 ,  Y P ( J ) ,
C A L L  NU MB E R  { 1 , 5 ,  Y P ( J )
C A L L  S Y M B C L ( R N 5 ( 1 , J )  , P N 5 ( 1  , J ) ,  
DO 2 1 0 0  1 =  2 , L C 

2 1 0 0  c a l l  5 Y M C C L ( R N 3 (  I , J ) , P N S ( I , J ) ,  
1 1 0 0  C O N T I N U E

C A L L  P L C T  < X { i , 5 J , X { 1 , 9 ) ,  3  )
DC 3 1 0 0  1 = 2 , NNC
C A L L  P L O T  ( X ( 1 , 5 1  , X ( 1 , 9 )  ,  2  ) 

3 1 0 0  C C N T I N U E

0 , 1 ,  J S ,  0 . 0 ,  - 1  )
,  C , 1 ,  C ( J ) ,  0 , 0 ,  3  

0 . 1 ,  J S ,  0 , 0 , - 1  )
0.1 0.0, “ 1 )
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C A L L  S Y M B C L  ( 1 . 2 , Y P ( l ) .  0 . 1 ,  1 7 H  V C L T S  . 0 . 0 ,  1 7 )
X P T = 0 . 5
Y P T = 5 . 3 
H T T = 0 ,  1 4
C A L L  S Y M U C L l X P T . Y P T . h T T .  T I T L P  , € . 0 , 1 6 )
C A L L  P L C T  ( 0 . 0 ,  0 . 0 ,  ^ 9 9  )

2 9 9 9  C C N T I N U E  
S T C P  
E ND

S U 3 K C U T  I N c Y C A L C ( X . Y , t 3 ,  Y C , w O E L ,  I  )
I M P L I C I T P E A L * 8 ( A - H . C - J )
D I V E N S I C N X ( 2  0 0 , 1 0 )  , Y I 2 0 0  ) , f c { 1 0 )
C C V MC N  P N E C N
Y C A L C  R O U T I N E  S P E C I F I C  TC R L h  

C M = X ( I  . 1  )
A l - ' 3 (  6)**2
I F ( A l . L T . l . E - l J )  GO TO 6 0 C  

C K = A 1 / 1 0 0 0 .
A Q = X < I , 1 ) * C K * C K  
G Q = - 2  . * C K * X  ( 1 , 1  > -  1 .
C Q = X ( I , 1 )

C M = - B Q - ( B G 4 E Q - 4 . * A G * C Q ) * * . S  
C y = C M / 2 , / A G  

6 0 0  C C N T I N U E
C A C L D = X ( 1 , 2  )

C C U N T = 4 9 .
T E S T  =  X(  1 , 3 ) * * 2
I F C T E S T . L T . O  . 0 0 0 1  ) G C  T C  3 9 9
X X X = X ( 1 , 3 ) ♦ P N E C M
c N £ = l 0 . * R ( A ) * X X X »  C d ( 5 ) + R N E C Ü )
E E E = C . * 0 ( 4 ) * X X X * X X X
P H  1 = { X(  1 , 4 )  h c N E - E c E ) / 3 ( J )
c B = U ( 2 ) * D E X P ( - P H I )
G C  T O 3 9 8  

3 9 9  e B = D A Q S ( e ( 2 ) )
3 9 6  C C N T I N U E

E B = 0 A Q S ( 3 a )
3  0 0  R =  G O * C Y * C E X P ( 2 . » E (  1 ) * C A C L D  )

C C U N T = C C U N T - 1 .
F C T N = C A O L D - H / ( 1 , + R )  
F P = 1 . - R * 2 . * B ( 1 ) / ( 1 . 4 K ) / ( 1 . * R )  
C A N E W = C A C L O - F C T N / F P  
C E L = D A G S ( C A N £ # - C A G L C )
C A C L D = C A N E *
I F C C O U N T . L T . 0 . )  G C  TC 3 0 1  
I F ( D E L . G T  .  . C O O O C O O O O D G C  TC 3 0 0  

X (  I , 2 )  =  C A 0 L C  
3 0 1  F  =  - B ( 3  ) * ( O L C G (  1 . - C A N E » ) + 8 ( 1  ) * C A N F . » * C A N E »  )
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Y C = F  
R c S = V ( I  ) - F  
A A A = B Ü * C M / B ( 2 )
A A A = D A S S ( A A A )
X ( I t 5 ) = D L C 6 ( A A A )
RBfle=OAQS(0(2)>
X ( 1 . 6  ) = - ! , S e 7 * 2 S 8 . 1 6 4 0 L G G ( E B 8 8 )  
X ( 2 , 6 ) = W ( 3 ) / ( e . 3 1 4 * 1 0 . * * 7 * 2 5 8 , 1 6 )  
X ( 3 , 6 ) = l , / ( c , 0 2  3 * 1 0 . * * 7 * X ( 2 . 6 ) )  
W O E L = R E S  

X ( I , 9 ) = Y C
X ( I . 7 ) = a < 3 ) * X ( I , 2 )
R E T U R N
E NO

S U B R Û U T I N E O C  ( X , V . Q , 0 . N P  .  I )
I M P L I C I T R E A L * 8 ( A - H , 3 - 2 )
D I M E N S I O N  X ( 1 0 0 , 5 ) , Y ( 1 0 0 ) , E ( 1 3 ) , D ( 1 0 )  
COMMON P N E C M
C C AL C  R O U T I N E  S P E C I F I C  T O  RUN O P  DUMMY
R E T U R N
END
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F. Program PIRICALC

T h i s  i s  t h e  p r o g r a m  t o  f i t  TT v s .  I n  c  t o  t h e  m o d e l  f r e e  e m p i r i c a l  
e q u a t i o n ( e q ( 3 5  ) ) w i t h  a l l  p o t e n t i a l s  ( c o m p o s i t e )  t o  e v a l u a t e  Ï ^ RT ,

C P R O G R A M M A I N
C
C S A M P L E  M A I N L I N E  F O R  N L L S Q  F I V P A K .  C O M P R E S S E D
C P I P I C A L  F I T S  P I  E M P I R I C A L L Y  TC C O N C E N T R A T I O N ,  U S I N G  L A N O M U I R  P L U S
C AN A D D I T I O N A L  T E R M ,  T H U S ,  P I  = A 2 * D L C G ( I . + A I * C ) * R R ,  WHE R E
C R R = ( l . + L 3 * C / ( l . + e 4 * C ) * * 2 ) .  R I G H T  N O W ,  U 4  I S  F O R C E D  TU E Q U A L
C U l ,  S C  A MAXI MUM C F  T H R E E  P A R A M E T E R S  S H O U L D  3 E  U S E D  I N  T H E
C F I T T I N G  E Q U A T I O N  P I ( C ) .  T H I S  P R OG R AM CAN H A N D L E D A T A  A T  C NE  P O T E N T I A L
C A L O N E ,  OR S E V E R A L  S I M U L T A N E O U S L Y .  I F  S E V E R A L  ARE  F I T T E D ,  E d )
C V A L U E S  ( 1 = 5 , 6 ,  1 0 )  A R E  N E E D E D  TO " S L I D E "  C O N C E N T R A T I O N S .
C I N I T I A L  G U E S S E S  C F  T H E S E  MUST E E  P R O V I D E D .  T H E Y  W I L L  BE  O P T I M I Z E D
C I F  R E Q U I R E D ,  A L T H O U G H  T HE  V E R Y  L A S T  8 ( 1 )  MUS T  8 % F I X E D .
0  W I T H  P R E S E N T  F O R M A T S ,  T H E  NUMBE R C F  P A R A M E T E R S  MUS T  NOT  E X C E E D
C 3 ,  B U T  3 ( y )  AND 8 ( 1 0 )  A R E  F I R S T  3 E T =  1 3 Y T H E  P R O G R A M .  N P  I S
C C H A N G E D  T C  - 9  AND N N P  T O 9 .  T H U S ,  8 ( 1 0 )  I S  F I X E D  AT 1 , 0  E U T  8 ( 9 )
C W I L L  VARY ( U N L E S S  I T  I S  O N E  C F  T H E  CM. I T T E D  P A R A M E T E R S ) .
C

I M P L I C I T R E A L * 3 ( A - H , C - U , W - Z )
D I M E N S I O N  P ( 2 0 , 1 0 )  , C ( 2 0 )  , 5 ( 1 0 )  , G (  1 0  ) , P N  ( 2 0  ,  1 0  ) , P N S (  2 0 ,  1 0  )

* ,  R N ( 2 0 , 1 0 ) , R N S ( 2 0 , 1 0 ) ,  Y P ( 2 0 )
* ,  S A ( i o o ) ,  s e ( i o o )

D I M E N S I O N  PO T ( 2 0 )  ,  QW ( 2 0  ) ,  C W( 2 0  ) , G E  ( 2  0  ) , P E C  M ( 2  0  )
D I M E N S I O N  X ( 2 O C , l O ) , Y ( 2 D O ) , 3 ( l O ) , I f l ( 1 0 ) , T I T L

» E { 1 0 ) , j j ( 1 0 ) ;  1 0 0  0 : c c N T  i N U c : o c i x = i , i o ; i : i b ( k )  =  o ; r e a d ( 5 , 1 0 2 , s n d = 9 9  9 )
♦ T  I  T L 5  ( W R I T E  ( 6 ,  1 0  3 )  T I  T L E  ; R E A D  ( Ô ,  1 0 0 )  N C , N P , . V C M , M ,  I D ,  i p ;  W R I T E  ( 6 ,  1 0 5  ) N 
» C , N P , N C M , M . I D , I P ; I F ( N C . c G . 0 ) S T 0 P ; n N P = I A 6 S ( N P ) ; N N 0 = I A B S ( N U ) ; m m = i a d s
♦  ( M)  ; I F ( N C M , L E . 0 ) G C T 0 3 ; R c A D ( S , 1 0 0 ) ( U J ( K ) , K = 1 ,  M. M ) ; w R I T E ( 6 • 1 0 4 ) ( J J ( K
♦  ) , K =  1 ,  NOM)  ; o c 2 K =  I  , n o m ; k k = j  J (  K ) ; 2 :  i E i (  K K ) =  1 ;  3 :  I F (  I P  , C Q . o  ) p e a d ( s ,  i  O i  ) 
* ( 0 ( K )  , K = 1 , N N P > ;  I F ( I P . £ C . 0 ) w R l T E ( 6 , 1 0 c  ) ( U ( < ) , K = l  , N N P ) ;  I F ( N O . L T . 0 ) GO
♦  T C 9  ;

c
L C = 1 0
L C = 1 5
L E = 5

c
R E A D  6 1 ,  I E { J  ) ,  J  =  1 , L E  )

Ü 1  F O R M A T !  2 3 X .  5 F 7 . 3 ,  I X ,  F 7 . 3  )
DO 2 5 0  1 =  l , L C
R E A D  6 1 , ( P ( I , J ) , J = 1 , L c ) , C ( 1 )

2 5 0  C O N T I N U E
C

D C  2 4 6  J =  1 , L E  
S A ( J ) =  E ( J )

2 4 6  C C N T I N U E
DC 2 4 7  J =  1 , L 5  
J I = L E - J + 1  
E ( J I ) = S A ( J )
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247 CCNTINUE
D C  2 4 C  1 =  I , L C  
DO 2 4 1  J =  l . L E  
S B ( J ) = P ( 1 . J )

2 4  1 C C N T I N U E
DO  2 4 2  J= l . L E  
J I  = L E - J  + l  
a i l . J I )=sa(J) 

2 4 2  C C N T I N U E  
2 4  0  C C N T I N U E

C
W R 1 T E ( 6 , 2 1 )  ( C ( I ) . I =  l . L C )

2 1  F C P M A T t  /  . I X  .  ' C C N C ( M Y ) ;  » .  1 5 F 6 . 2 .  /  •  I I X .  1 5 F 6 . 2  )
W R 1 T E 1 6 . 2 2 )  ( E ( l ) , l =  l . L E )

2 2  F C F M A T d  X ,  • V C L T (  V ) ;  « .  1 0 F Ô . 2 . / )
OC  2 6 0  1 = 1 . NNC
J = ( I - l ) / L C + l  
K = I - ( J - 1 ) * L C  
Y (  I  )  =  P ( K , J )
X l l . l ) = C ( K )
X ( 1 . 2 ) = E ( J )

2 6 0  C C N T I N U E
C
C 8 E G 1 N  D A T A  M A S S A G E  T H E S E  C A R D S  S P E C I F I C  T O G I V E N  E X A MP L E

I F ( N N P . L T . 5 ) G C  TO 2 0 S  
N N P = 9  
N P = - 9  

2 0 9  C O N T I N U E
D C 1 0 9  J = 5 . 1 0

1 0 9  1 F ( B ( J  ) . L T . . 0 C 0 0 0 1  l e i  J ) - l .
Y d O l  ) = 5 .
D C 1 1 2  1 = 1 . NNO 
1 1=1 + 100
I F ( 1 . L T . 2 ) G C  T C  1 1 2
I F ( X ( 1 . I ) , G T . X (  1 - 1 . 1 )  ) Y ( 1 1 ) = Y (  1 1 - 1  )
I F ( X ( 1 . 1  ) . L T . X (  1 - 1 . 1  ) ) Y l 1 I ) = Y ( I l - l  ) + I .

1 1 2  C O N T I N U E
1 1 0  C O N T I N U E

C E N D  DAT A  MA S S A G E
9  C O N T I N U E

C
C A L L N L L S C l X . Y . d . I B . N P . N N O . y . I R E T ) ; G C  T O  1 0 0 0 : 9 9 9 : S T O P

1 0 0  F O R M A T  ( 2 5 1 3 )
1 0 1  F C F M A T ( @ F 1 0 . 0 )

1 0 2  F C P M A T ( l O A a )
1 0 3  F O R M A T ! • 1 * . 1 0 A 8 )
1 0 4  F O R M A T ! *  I N V A R I A N T  P A R A M E T E R  S U B S C R I P T S  * . 1 0 1 3 )
1 0 5  F O R M A T ! *  N 0 = * . 1 3 . *  N P = * . 1 3 . *  N C M = * . 1 2 . *  M = * . I 3 . *  C = * , 1 3 . *  1 P = * . I 3 )
1 0 6  F O R M A T ! '  I N I T I A L  P A R A M E T E R  V A L U E S  * . / .  2 !  5 X .  5 !  I P D  1 5  .  7 ) ) )

S T C P

E N D
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G . Program PIRE CAIl

This is the program to fit TT vs. In c at individual potentials to 
the model free empirical equation ( eqn(35) ) in order to obtain 0  ,
R» RT, OC , and ^ .

C
C P R L G R A M  M A I N
C
C S A M P L E  M A I N L I N E  F O R  N L l. S C  F I V P A K  C C ^ F R E S S E D
C P I R I C A L  F I T S  P I  E M P I R I C A L L Y  T C  C O N C E N T R A T I O N ,  U S I N G  L A N G M U Î K  P L U S
C  AN A O O I T I C N A L  T E R M .  T H U S ,  P I  =  B 2 » D L C G ( l . + b l * C ) * R R ,  WH E R E
C R F = ( l . + H 3 * C / ( l , t 6 4 * C ) * * 2 ) ,  R I G H T  N O W ,  0 4  I S  F C R C E O  T O E Q U A L
C 8 1 ,  S O  A MA XI MUM C F  T H R E E  P A R A M E T E R S  S H O U L D  S E  U S E D  I N  T H E
C F I T T I N G  E Q U A T I O N  P I ( C ) ,  T H I S  P R O G R A M  CAN H A N D L 5 D A T A  AT O N E  P O T E N T I A L
C A L O N E ,  OR S E V E R A L  S I M U L T A N E O U S L Y .  I F  S E V E R A L  A R E  F I T T E D .  0 ( 1 )
C V A L U E S  ( 1 = 5 . 6 .  1 0 )  ARE N E E D E D  T O  " S L I D E "  C O N C E N T R A T I O N S ,
c I n i t i a l  g u e s s e s  o f  t h e s e  m u s t  b e  p r c v i o e d .  t h e y  w i l l  b e  c p t i m i z e d

C I F  R E Q U I R E D ,  A L T H O U G H  T H E  V E R Y  L A S T  S ( l )  MU S T  B E  F I X E D .
C W I T H  P R E S E N T  F O R M A T S ,  T H E  N U M 3 E R  OF P A R A M E T E R S  MUST NOT  E X C E E D
C 8 ,  BUT  8 ( 9 )  AND 3 ( 1 0 )  A R E  F I R S T  3 E T =  1 BY T H E  P R O G R A M .  N P  I S
C C H A N G E D  T O  - 9  AND N N P  T O 9 .  T H U S ,  E ( 1 0 )  I S  F I X E D  AT 1 . 0  B U T  3 ( 9 )
C W I L L  V A R Y  ( U N L E S S  I T  I S  O N E  O F  T H E  O M I T T E D  P A R A M E T E R S ) .
C

I M P L I C I T F E A L * 8 ( A - H , C - U , W - Z )
D I M E N S I O N  P ( 2 0 , 1 0 ) , C ( 2 0 ) , E ( 1 0 ) , G ( 1 0 )  , P N ( 2 0 , 1 0 ) , P N S < 2 0 , 1 0 )

* ,  K N ( 2 0 , 1 0 ) , R N 5 ( 2 0 , 1 0 ) ,  Y P C 2 0 )
D I M E N S I O N  X ( 2 0 0 , 1 0 ) . Y ( 2 0 0 ) , 3 ( 1 0 ) , 1 8 ( 1 0 ) , T I T L E ( 1 0 ) , J J ( 1 0 )

* ,  E S ( 1 0 ) , I D S ( 1 0 )
C

L C =6  
L C  = 1 0  
L C  =  1 5  

L E = 8  
L E  = 9

C
3 1  F C R M A T (  OF 7 . 3 ,  I X ,  F 7 .  3 )

DC 1 0 0 0  L =  l . L E
I F (  L . G E .  2 )  G O T C  Ô 5 3  

DC 1 K = 1  , 1 0
1 I B ( K ) = 0

R E A D ( 5 , 1 0 2 )  T I T L E  
W F I T E ( o , 1 0 2 )  T I T L E  
R E A D  ( 5 , 1 0 0 )  N ü , N P , N Q M , M , I D , I P  
W R I T E ( f o , 1 0 5  ) N O , N P , N C M , M , I D ,  I P  
I F ( N C . E Q . 0  ) S T C P  
N N P = I A d S ( N P )
N N C = I A B S ( N C )
MM = I A 8 S (  M)
N P A = N N P - N C M  

N N C S = N N C  
N P S  = N P  
MS =M
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IF(NCM.LE.O ) GOTC 3
R E A D  ( S t l O O )  { J J ( K ) t K = l # N Q M )
*RITE(6.104) (JJ(K),K=l,hOM)
DO 2  K = 1 . NÜM 
KK =  J J ( K  )
I B ( K K ) = 1

IcS(KK)= I4(KK)
2  C C N T I N U E
3 I F d P . E Q . O  ) R E A D  ( 5 . 1 0 1 )  ( B ( K ) .  K=  I .  NNP  ) 

I F C I P . E Q . O  ) W R I T E < 6 .  1 0 6 )  ( B (  K ) .  K=  1 ,  NNP  ) 
I F C N C . L T . O  ) G O T O  9

REA D 81. (E (J ) .J=l.LE )
0 0  2 5 0  1 =  l . L C
R E A D  8 1 ♦ ( P ( I . J ) . J = 1 . L E )  . C ( I )

2 5 0  C O N T I N U E

L E F = L E / 2
D C  2 4 6  J =  1 . L £ H
J I = L E - J + 1
xE = e (J )
E ( J ) = £ ( J I )
E  ( J  I  ) = X E

2 4 6  C C N T I N U E
DO 2 4  7 1 =  l . L C  
DO 2 4 7  J =  l . L E H  
J I = L E - J + l  
X P  = P ( I . J )
P ( I .J ) = P ( I ,J I )
P (  I . J I  ) = X P

247 CONTINUE

5 5 5  C C N T I N U E

N NC  = N N C S  
N P  = N P S  
M = MS  

I F ( N C W . L E . O  ) G O T O  6 
DC 5  K = 1 , N C M  
K K = J J ( K )
I B I K K ) = I 6 S ( K K )

5  C C N T I N U E
6  C C N T I N U E

I F (  L . E G .  1 )  G O T C  5 5 4  
W R I T E ( 6 . 1 0 3 )  t i t l e  
* R I T E ( 6 .  9 2 )  E C L )
W F I T c ( 6 . 1 0 5 )  N C . N F . N C M . M . I C . I P  
» R I T E ( 6 . 1 0 4 )  ( J J ( K  ) . K =  1 , NCM )
I F ( I P . E C . O  ) W R I T E ( o , 1 0 6 )  C O ( K ) .  K = 1  . N N P  ) 

5 5 4  C C N T I N U E
C
C
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d P I T E ( 6 , 2 1 )  ( C ( I ) , I =  l . L C )
2 1  F O F . MAT (  /  . I X  ,  ' C C N C i M M ) :  • .  1 5 F 6 . 2 .  /  .  I I X .  1 Ü F 6 . 2  )

* P I T E ( 6 , Z 2 )  ( E ( I ) . I =  l . L E )
2 2  F C P M A T d  ) * . » V C L T (  V ) ;  » .  1 0 F 6 . 2 . / )

DO 2 6 0  1 = 1 . NNÛ
J = ( I - l ) / L C + l  
K = l - ( J - 1 ) * L C

YC I ) = P ( K , L )
X ( I . 1 ) = C ( K )
X ( I , 2 ) = E ( L )

2 6 0  C O N T I N U E
C
C B E G I N  DATA M A S S A G E  T H E S E  C A R D S  S P E C I F I C  T O G I V E N  E X A MP L E

I F ( N N P . L T . 5 ) G 0  T O  2 0 9  
NNP  =  9  
N P = - 9  

2 0 9  C O N T I N U E
0 C 1 0 9  J = S . 1 0

1 0 9  I F i e i J ) . L T . . 0 0 0 0 0 1 ) E ( J ) = 1 .
Y ( 1 0 1 ) = 5 .
DC I  1 2  1 = 1 . N N O  
1 1 = 1 + 1 0 0
I F ( I . L T , 2 ) G C  TO 1 1 2
I F ( X ( I . 1 ) . G T . X ( I - 1 . 1 ) ) Y ( I 1 ) = Y ( I I - 1 )
I F (  X < I , 1 ) . L T . X I I - 1 . 1  ) ) Y (  I I ) = Y (  I I - l  ) + 1 .

1 1 2  C O N T I N U E
1 1 0  C C N T I N U E

C END DAT A M A S S A G E
9  C O N T I N U E

C
C A L L N L L S O I X . Y . Ü . I 8 . N P . N N U . M . I K E T )

9 2  F O R M A T !  /  ,  2 6 X , F 7 . 3 .  I X .  " V O L T S '  /  )
1 0 0  F O R M A T  ( 2 5 1 2 )
1 0 1  F 0 R M A T ! Ô F 1  0 . 0 )

1 0 2  F C R M A T d O A S )
1 0 3  F O R M A T ! • 1 " « l O A a )
1 0 4  F O R M A T ! '  I N V A R I A N T  P A R A M E T E R  S U B S C R I P T S  ' . 1 0 1 3 )
1 0 5  F O R M A T ! '  N O = ' , I J . '  N P = ' . I 3 , '  N C M = ' . I 3 . '  M = ' . I 3 . '  C = ' . I 3 . '  I P = ' . I 3 )
1 0 6  F O R M A T ! '  I N I T I A L  P A R A M E T E R  V A L U E S • . / .  2  ! 5 X . 5 !  1 P D  1 5 . 7 ) ) )

1 0 0 0  C C N T I N U E
S T C P
E ND



194

£ t B R C O T I N E Y C A L C <  X .Y , 3 . Y C , * 3 E L , I ) : I ^ P L I C I T A E 4 L * 8 ( A - H , C - Z ) 
O I M E N ‘3 I G N X ( 2 0 0 .  1 0 )  f Y( 2 0 0 )  . a (  1 0 >
Y C A L C  R O U T I N E  S P E C I F I C  T C  RON 

I  1 = 1 0 0 + 1  
J = Y ( 11 ) + . 0  0  0 0 l  
B ( J ) = D A B S ( e ( J ) )
B E = 8 { J )
B ( 1 ) = D A E S ( B ( 1 ) )
8 l = 0 A B S ( B ( 1 ) )
8 2 = 0 4 6 8 ( 3 ( 2 ) )
C =  X ( I  « 1 ) * G 8  
C = Û A 8 S ( C )
X ( I * 5 ) = C U C G ( C )

F = b ' 2 * D L C G (  1 . + B 1  * C )
8 0 = 0 4 0 3 ( 3 ( 3 ) )  
i F ( e a . L T . . 0 0 0 0 0 1 ) r r = i .

I F  ( B Q  . L T  .  . 0 0 0 1  ) G 0  T C 9 9 9  
R R = 1 . + 0 ( 3 ) * C / ( 1 . + 3 1 * C ) * * 2  
P R = R R + B ( 4 ) * C * C / ( l . + E l * C ) * * 3  

9 9 9  F = F * F R
C = C * 1 . 0 0 1
F F = B 2 * D L C Ü ( I . + D l * C )
B Q = O A B S ( B ( 3 ) )
I F ( B C . L T . . 0 0 0 0 0 1 ) G 0  T O  0 8 8

£ F ( B Q . i _ T .  . 0 0 0 0 ) 0 0  T C  0 8 8  
R R = 1 . + 0 ( 3 ) * C / ( 1 . + B 1 » C ) * * 2 + J ( 4 ) * C + C / ( 1 . + B 1 * C ) * * 2  

I F  ( B O  . L T  .  . 0 0 0 0  ) G C  T C 8 8 8  
888  F F = F F * R K

X ( I  , 4 ) = ( P F - F ) / . 0 0 1  
X ( I . 3 ) = X ( 1 . 4 ) / B ( 2 )

Y C = F
R E S = Y (  I ) - F  

V»DEL = R E S  
r e t u r n ; E N D

3 U 8 R C U T I N £ D C A L C (  X .  Y . 6  .  u) .  NP  .  I  ) ; I MPLI C I T R E A L * 8  ( A - r i .  C - Z  ) 
D I M E N S I O N  X ( 1  0 0 . 5 ) . Y ( 1 0 0 ) . B ( 1 0  ) . D (  1 0  )
D C A L C  R O U T I N E  S P E C I F I C  TC RUN CR DUMMY 
r e t u r n ; E N D
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