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Abstract

Melanins are a class of functional bio-macromolecules ubiquitous throughout the biosphere.

They posses a set of unique physico-chemical properties, including condensed phase electrical

conduction. It has been suggested that they are bio-organic amorphous semiconductors,

although recent results have called this paradigm into question. In particular, condensed phase

melanin samples have been shown to exhibit a strong dependence of electrical conductivity

on relative humidity, potentially associated with the dominant carrier being protonic rather

than electronic at high humidity levels.

The motivation for understanding charge transport in melanin is twofold: Firstly, its an

important bio-molecule, therefore characterizing the charge transport properties may lead

to understanding of its function in vivo. The second reason for studying charge transport

is that melanin has shown potential as a high-tech material. ‘Soft’ bio-organic materials

are currently being looked at as an alternative to silicon based electronics since they are

environmentally friendly and relatively cheap. Therefore, determining the nature of the water-

melanin interactions and how they lead to different types of charge transport may open up

melanin as a possible contender in this rapidly growing field.

To investigate these water dependent phenomena requires knowledge from both the fields of

chemistry and physics. Chemistry explains how water molecules relate to bulk melanin and

how possible proton charge carriers may emerge. From the field of physics one needs to have

an understanding of charge transport. Using the resources and skills from both fields enables
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a thorough investigation of the electrical properties of melanin.

In the following study this multi-disciplinary approach, with an emphasis on chemistry, is

employed to probe melanin’s conductivity and the potential protonic charge carrier. The work

presented here is part of an on-going effort to fully map the structure-property relationship of

melanin. Specifically, this thesis focuses on experimental results documenting water-melanin

behaviour. An adsorption isotherm for condensed phase melanin pellets is presented and

indicates melanin’s strong affinity for water. This isotherm is a first for condensed phase

melanin pellets. An electrical (DC) conductivity isotherm is also presented, which indicates

that water has formed a percolated system within melanin. This result, together with observed

Child’s law current-voltage dependence is consistent with protons as the dominant charge

carrier at high humidity levels. Finally, a study of proton dynamics using solid state NMR

is presented. This study is also the first of its kind for melanin, showing an increase in the

mobility of protons as water content within melanin is increased.
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CHAPTER1

Introduction

Melaninsare a class of functional bio-macromoleculesfound throughout nature(1) and posses

an intriguing and unique set of physical and chemical properties(2). In humans, they serve

as our primary photoprotectant and pigment, and it has been recent ly suggested that they

may be useful as high tech functional materials(3).

Interest in the electrical properties of the melanins started with the discovery of switch-

ing behaviour in their resistive properties by McGinnesset al.(4). They suggestedthat the

melaninsmight be semiconductors, however, recent studies(5;6) indicate this view may not

be wholly accurate. The electrical behaviour of melanin is highly dependent on its water

content. Moreover, the dominant charge carrier within melanin doesnot appear to be elec-

tronic but somethingelsewhich hasa positive charge. There is disagreement about what this

positive chargecarrier may be, but a recent proposalsuggestthat it may be protonic(6).

The purpose of this thesis is to investigate the nature of the positiv e charge carrier. Ul-

timately, becausemelaninÕselectrical properties have been shown to be sensit ive to water

content, characterising the charge carrier becomesimportant if one wishes to build devices

such as sensors basedon melanin. Additio nally, understanding the nature of the dominant

charge carrier is also crucial if we are to gain a more completeunderstanding of the funda-

mental chemistry and physics of these systems.

Studying melaninÕselectrical properties is notoriously di#cult requiring a diverserange of

3



skills and techniques. Therefore a multi-disciplinary approach is needed which derivesinspi-

ration from both the Þeldsof chemistry and physics. Using chemical knowledge, interactions

betweenwater can be melanin are considered,and a background in physicsallows the study

of charge carriers.

In this chapter a reviewof the literat ure concerning the charge carrier of melanin is presented,

culminating in a hypothesis which suggeststhat melaninÕsdominant chargecarrier is depen-

dent on it s water content . However, to start, a basic intr oduction is given concerningthe

structure and chemistry of melanin.

1.1 The Chemi str y of Me lani n

In humansthere are two main typesof melanin, eumelaninthat consistsof brown-black pig-

ments, and pheomelanin that is a yellow-red pigment(7; 8). Most experiments concerningthe

electrical properties of melanin have been carried out on synthetic eumelanin, therefore, fol-

lowing in the footstepsof previous researchers, this project will also usesynthetic eumelanin.

It should be noted that in this thesis, ÔmelaninÕand ÔeumelaninÕare used interchangeably

even though melanin covers a broad classof substances.

Eumelaninis derivedfrom two chromophores,5,6-dihydroxyindole(DHI) and 5,6-dihydroxyindole-

2-carboxylic acid (DHICA)(1 ; 3; 7) (Figure 1.1). These are formed from the oxidation of

Figure 1.1: The monomer unit of eumelanin. The squiggly lines indicate attachment to other
chromophoresand possible proteins. The R group can bean H (for DHI) or COOH (for DHICA).

Tyrosine via the Raper-Mason scheme(Figure 1.2) and go on to form melanin by a biosyn-

thetic pathway known as melanogenesis(1; 7). The overall molecular structure of eumelanin
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is consideredto be a heterogeneous,chemically disordered substancederived from the indole

units DHICA and DHI. However, how the indole unit s cross-link or aggregate is unknown and

is the subject of intenseresearch(2; 3; 7; 8; 9).

Figure 1.2: The Raper-Mason scheme of melanin synthesis in vivo. The reaction involves the
oxidation of tyrosine to melanin intermediates DHI and DHICA, which then polymerizes into
melanin. Taken from Subianto et al.(10)

It has been observed that model systems for melanin are able to scavenge reactive oxygen

species such as singlet oxygen(11) (1O2), hydroxyl radicals(12) (¥OH) and the superoxide

anion(12) (O2
ø¥). This has lead to the belief that melanin may act as a free radical scavenger

and antioxidant( 1) in vivo (Seealso a review by Hill(13)). This scavenging abilit y may be

due to the numerous redox active moieties on the indole units assumed to be within melanin.

These moietiesmay be oxidixed as shown in Figure 1.3.

Figure 1.3: The oxidation of indole hydroxy groups to ketones.

Melanin hasa persistent ESR signal, which indicatesthe presenceof free radicalscentres,
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which are exceptionally stable wit hin the bio-macromolecule(14). The formation of these

radicals in melanogenesis, and also synthetic methods, is accompanied by hydrogen peroxide

production. Furt hermore, the formation of melanin consumesO2. From these observations

it hasbeensuggestedthat melanin may form according to the following react ion mechanism

(Seereview by Blois(7))

HO " # " OH + O2 " $ HO " # " O¥ + Oø¥
2 + H+

2Oø¥
2 + 2H+ " $ H2O2 + O2 (1.1)

whereHO " #" OH represents a fully reducedindoleunit. Thereduction of molecular oxygen

(in its ground state) proceeds- because of spin restriction - in univalent freeradical steps(15).

These reactions form hydrogen peroxide, as required, and activates the indole units for the

formation of melanin. Furthermore, the reaction showed in Equation 1.1 also demonstrates

how the Þnal redox active moietieswit hin melanin may be oxidized asshown in Figure 1.3. It

may also explain the chemicaldisorder of melanin since freeradical mechanismsdonÕtimpose

a great deal of control during react ions(7). The presenceof free radicals in the Þnal product

is most likely due to indole unit s that have beenactivated but are unable to react, which is

very much like the presenceof free radicals in a classical polymer.

The free radicalsthat are left behind within in the Þnal melanin matrix are stabilized by:

HO " # " OH + O = # = O '( 2(O = # = O)ø¥ + 2H+ (1.2)

which is known asthecomproportionation equilibrium (SeeReviewby Meredith & Sarna(16)).

This equilibrium lies heavily towards the fully reduced/oxidized forms of the indoles,as was

demonstrated by Froncisz et al.(17) who showed using EPR that there is 1 free radical in

equilibrium with # 1000 fully reducedand/or oxidized melanin indole unit s.

The abovechemistry may alsoexplain why melaninconductselectrons. Freeradicals,because
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they are unpaired electrons, will be easier to move using an external electrical Þeld.

1.2 Evi dence for Charg e Transport

Many techniques can be used to demonstrate the sign of the dominant charge carrier of a

material. However, to demonstrate that protons are the dominant charge carriers speciÞcally

is di#cult( 18; 19). The following critical phenomenaare consideredessential to indicate

protons as the dominant charge carrier:

1. Decay in current over time under constant voltage(19). This is observed while conduct-

ing current-voltage (IV) measurements.

2. Ohmic to ChildÕslaw dependence of the voltage on current, I % V n wheren > 1(19).

This should alsobe seenin IV measurements.

3. Transferencenumber measurements (coulometric studies)candeterminethe percentage

of the current passingthrough a sample that is protonic(19; 20). Gassesevolved in the

reaction are compared to theoretical predict ions as given by FaradayÕsequivalencelaw

and thus the ratio of the charge carriers can be determined.

4. The signof the Hall voltagemust be positive(19). This canbe determinedby Hall e!ect

measurements.

5. The thermoelectric voltage should be posit ive(19). This can be determined from ther-

moelectric measurements (Seebeck e!ect).

6. Line narrowing in 1H NMR peaks with increased water content(20). The phenomena

can be probed using solid state NMR.

7. The energy gain or loss in a material after inelast ic neutron scattering. This provides

information on the energy levelsof thehydrogenbondedsystemsin the material(19; 20).
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1.3 Mela nin, t he Conducto r

McGinnesset al.(4) found electrical resistanceswitching behaviour within melanin, which

is similar to that of amorphous inorganic semiconductors, suggesting that melanin can be

thought of as an amorphousorganic semiconductor. They and Baraldi et al.(21) found con-

ductivities of 10! 5 S cm! 1 and 10! 12 S cm! 1 respectively, which is a di!erence of seven orders

of magnitude. Both studiesfound that lossof water dramatically changedthe electrical prop-

erties of melanin. However, they did not report humidit y levels. The di!erent values for

the conductivities obtained are most likely due to di!e ring water content in their respective

samples.

Baraldi et al. and Bridelli et al.(22) found evidencefor two typesof water in melanin: Ôstruc-

turalÕwater, probably within the structure of melanin; and ÔphysicalÕwater, probably on the

surfaceof melanin. Bridelli et al. also found that water is a major factor in the electrical

properties of melanin.

Hall voltagemeasurements by Trukhan et al.(23) indicated that the charge carrier in melanin

was positive. However, onceagain no hydration levels were recorded. It is most likely that

the experiments wereperformed at ambient conditions; possiblyindicating waterÕsrole in the

result. They suggestedthat the charge carriers were holesbut concededthat protons were

alsoa likely interpretation.

Coulometric studiesby Powell et al.(24) suggestedthat synthet ic melanincarried chargesthat

were 65% protonic and 35% electronic over a hydration range of 12% to 35% weight gained

in water.

Seebeck e! ect studies suggesteda di!e rent dominant charge carrier at low hydration. Per-

formed under vacuum by Osak et al.(25), thermoelectric tests gave negativ e thermoelectric

voltages, suggestinga negative charge carrier. However, they found a ChildÕslaw dependence
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on the voltage at high voltages,and they also observed decay in current wit h applied volt-

age. Both these e!ects indicate ionic carriers. Due to the thermoelectric measurements, they

tried to explain the conductivit y of melanin in terms of conformational changesin melaninÕs

structure, which allows the electrons to hop more frequently. Water was never considered to

play a role in the conduct ivit y of melanin by Osak et al. Giacomantonio(6) explained the

results by suggesting that electrons dominate at low water content. However, some water is

still present indicating the presenceof protons, but in a minor capacity.

Further studiesby Strzelecka(26; 27) invest igated the supposed semiconductor properties of

both natural and synthetic eumelanin. In these studies, hydration levels of melanin were

also not reported. It was implied that the dominant charge carrier was a posit ively charged

hole(27). ChildÕslaw dependenceon the current( 26) was alsoobserved.

In 1995, Jastrzebska et al.(5) attempted to map out the DC conductivity of melanin sys-

tematically as a function of hydration. They assumedthat the hydration of melanin was

proportional to relativ e humidit y (RH). For this reason,they used various salt solutions to

control the RH over a range of values. Figure 1.4 shows the resultsobtained. They suggested

Figure 1.4: The conductiv it y of melanin asa funct ion of RH at 298K, by Jastr zebska et al.(5).
Note that the y-axis is a log scale.

that at low hydration the main charge carriers wereelectrons, but at higher hydration levels
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the carriers werepositively charged polarons1.

Giacomantonio(6) extendedthe work done by Jastrzebska et al., also employing salt solutions

to control the RH around melanin. Her results can be seenin Figure 1.5a.

Figure 1.5: a) Theconductivi ty of melanin asa funct ion of RH at 24± 2#C. b) The conductivit y
plotted as a function of wt(%). Note the Þtted curves to the data, these are predicted by the
mixed conduction hypothesis (Secti on 1.4). Note that the y-axis is a log scale. Taken from
Giacomantonio(6) and modiÞed.

Overall the conductivities obtained by Giacomantonio were higher than those found by

Jastrzebska et al. This was most likely due to slightly di!ering experimental setups. Jas-

trzebska et al. used a sandwich electrode setup and waited 1 hour for equilibrium. This

did not leave a lot of surface area exposedto the environment and the one-hour wait did

not necessarily allow the bulk of the samplesto reach equilibrium with the RH. In contrast ,

Giacomantonio used the van der Pauw setup(28), which allowed more surface area for water

adsorption. Furt her, more time for the samplesto equilibriat e with the surroundings was

allowed.

An assumption madeby Jastrzebska et al. wasthat theamount of water contained in melanin

was proportional to the RH in the surrounding air. This assumptionis false,for there is not

a linear relationship for the Brunauer, Emmett, Teller (BET) isotherm, the isotherm for RH

1Polaronsare quasi-particles madeup of electrons and crystal lattice distor tions, which are induced by the
electri cal Þeld of the elect ron. Positive polarons are related to holes.
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against water adsorbed by weight percent (wt(%)) of powdered melanin(6; 24). Therefore,

Giacomantonio reÞtted her data so as to obtain a plot of wt(%) against conductivit y (Fig-

ure 1.5b).

Giacomantonio postulated that her results and the literature indicated that melanin is a

mixed conductor, instead of a semiconductor. At low water content electrons are the domi-

nant charge carrier and at high water content protons would dominate. Shesuggestedthat

the behaviour of the conduct ivit y at low water content can be modelledby an Arrheniustype

equation and at high water content that a percolation picture, usingthe Grotth ussmechanism

can be employed. This hypothesis is discussed below.

1.4 The M ixed Conducto r H yp ot hesis

1.4.1 A morpho us Semi-Conducti on The ory

In an amorphous substance, electrons conduct via hopping (Figure 1.6) from one localized

Figure 1.6: Two localised states with energy E separated by a potenti al barrier V . Electrons
move from one state to the other (hopping) by thermal energy. Thi s require high enough tem-
peratures to move the electron over the barrier V(29; 30). Taken from Lewis(29) and modiÞed.

state to another(29; 30). These localized states can be individual atoms, molecules, or re-

gions within a substance. The conductivit y of amorphous semiconductors usually follows the

Arrhenius equation

& = &0exp
! " EA

kB T

"

(1.3)

where& is the conductivit y, &0 is a constant of the material, kB is BoltzmannÕsconstant, T

is temperature and EA is the average activation energyneededto e!ect conductivit y.

A theory developed by Rosenberg(24; 30; 31) accounted for the changein the conductivit y of
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a bio-macromoleculedue to its environment (e.g. water)

& = &0exp

#
" (EA " c)

kB T

$

(1.4)

where
c =

e2

4) "0R

! 1
$

"
1

$w

"

wheree is the fundamental charge, "0 is the permittivit y of free space, $ is the dielectric

constant of the environment (e.g. water), $w is the modiÞed dielectric constant of the bio-

macromoleculedue to polarization e!ects from the environment, and R is the cavit y radius

of the charged region.

In a dry environment, $w = $, normal Arrhenius behaviour (Equation 1.3) is expected.

However, when water is introduced, the c term becomesimportant and start to lower the

activation energy needed to a!ect conductivit y. As more water is intr oduced, the 1
" w

term

becomesnegligibly small, therefore the conduct ivit y reachesa saturated value(24; 32; 30; 31).

Essent ially the presence of water increasesthe dielectric constant of melanin, making it easier

for electrons to conduct. This theory was suggestedto be consistent with the Þrst part of

GiacomantonioÕsresults (Figure 1.5b)(6).

The source of electrons for conduction in melanin is most likely from free radical electrons

trapped within melaninsÕstructure (Section 1.1).

1.4.2 Percolat ion Th eory and Pr oto n Conducti on

Consideran electrical network such as in Figure 1.7a. Each strand is either intact (conduct-

ing) or cut (insulating). The network has a voltage applied accrosit. It has been shown

theoret ically and experimentally that the conductivit y of such a network, as a function of the

probabilit y p of a strand being connected,has the form of the graph in Figure 1.7b (33).

Percolation theory explains the relation betweenthe conductivity and p. Below some critical

probabilit y pc, known as the percolation threshold, there is no conduct ion as there is no con-
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Figure 1.7: a) A random electrical network. b) The conduct ivit y of the network as a function
of probabilit y p of a str and being connected. Taken from Deutscher (33) and modiÞed.

tinuouselectrical path connectingtheends. At pc, long-rangeconductivity suddenlyoccursas

a continuous path is found. Past pc, more pathways are found and the conductivity increases

rapidly. The percolated conductivity can be described, both in 2 and 3 dimensionsby

& = &0 (p " pc)
µ (1.5)

whereµ is a critical exponent and is equal to 1.3 in a 2D systemand 2.0 in a 3D system(34).

This model though doesnot explain the mechanism of conduction, only the relation between

the conductive elements are considered. It is a macroscopic picture of matter, so one is at

liberty to chose the microscopicmechanism as long as its consistent wit h the percolation

model(6). It was assumedby Giacomantonio that the H2O moleculeis the conductive ele-

ment, analoguesto a strand in a network, and through adsorption onto melanin reside on an

arbitrar y site(6) within melanin wit h probabilit y p. The charge carrier that would conduct

is the proton since all the phenomena described in the literature are consistent with proton

conduction and water is known not to conduct electronsbut protons.

For protons to conduct through percolation would require the Grotth ussmechanism of pro-

ton conduction(9; 35; 36; 37). This mechanism requiresa hydrogenbondednetwork in which

H+ are transfered from oneH2O moleculeto another, followed by reorientation. This mech-

anism is for long rangeordered networks of water, and should not be confusedwit h centre of

massdi! usion (vehiclemechanism(9; 36; 37)).
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Protons for conduction purposes would be obtained by the dissociation of H+ from the

OH groups on the melanin indole unit s into the adsorbed water. Dissociation would be

determined by the pKa of the OH moiet ies and the extent of conductivit y determined by

the concentration of dissociated H+ (6).

With this percolating model in mind Giacomantonio suggestedthat her results at high water

content could be explained by percolation (Figure 1.5).

There are two problems with the theory put forward by Giacomantonio. The Þrst is that

upon Þtting the percolation plot to her high hydration results, shedetermineda the critical

exponent for Equation 1.5 to be 11± 1. This value is much higher than the theoretical result s

of 1.3 and 2.0 in 2 and 3 dimensions respectively. Giacomantonio tried to explain the result

by stating that percolation theory assumesthat site elements donÕtinteract wit h oneanother,

and sincewater interacts with itself strongly and with the melanin matrix, onemay expect a

larger exponent(6).

The second problem with GiacomantonioÕstheory a decrease in her data near what appears

to be the percolation threshold (Figure 1.5). It wassuggestedthat this wasdue to a possible

interaction betweenthe competing electronic and percolation mechanismsproposed(6).

Onefurther thing Giacomantonio noticedwasthat, upon performing Thermogravimetric anal-

ysis on hydrated melanin, the water content of melanin measuredwasat odds wit h the BET

isotherm found by Powell et al(24). The reason for this discrepancywas most likely that the

BET isotherm obtained by Powell et al. was for powderedmelanin and Giacomantonio used

pellet and Þlm samples.

1.5 A im s of T hi s Stud y

In the lit erature there is a lot of tantilzing evidenceto suggest that melanin is a mixed con-

ductor. There is no debate about electrons dominating at low water content, but there is
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disagreement betweenauthors on the nature of the charge carrier at high water content.

The Þrst stepto understanding melaninÕswater dependent electricalbehaviour requiresknowl-

edgeof how much water content is wit hin melaninÕsstructure. This can be determinedwit h

an adsorption isotherm. To date the only isotherm available is the one by Powell et al.(24)

wherethey usedpowder melanin, which is a uselessmorphology for invest igating the electrical

properties of melanin. In this thesis a new adsorption isotherm for melanin as a function of

water is shown, but where the melanin sample is a condensed phase pellet. The intricate

experimental setup and the results obtained from it are shown in Chapter 3.

The next step in understanding the electrical properties of melanin is to map out the conduc-

tivit y isotherm of melanin as a function of water content. Researcheshave now spent several

decadestrying to determinethe chargecarrier within melanin but only two groups,Jastrzeb-

ska et al. and Giacomantonio havemappedout theoverall conductivebehaviour. Both groups

used salt solutions to control water content in the air. This is cumbersomemethod which

doesnot eliminate the atmosphere,which includes the reactive chemical entit y O2. Oxygen

may have a signiÞcant impact on the conductivit y of melanin dueto its abilit y to producefree

radicals (Sect ion 1.1). In Chapter 4, a new and extensive methodology is demonstrated from

which several conductivit y isotherms wereobtained. Theseresults are rigorously analysed in

terms of percolation theory, which no onehasseriously attempted before.

There are many more experiments that can be conductedto investigate the charge transport

properties of melanin (Section 1.2), but due to time constraints only one was attempted,

which was determining the proton dynamics of water protons with in melanin using NMR.

This kind of study on the dynamicsof the protons wit hin melanin systemshas not been done

before. The results is shown in Chapter 5.
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CHAPTER2

Melanin Fabrication

As hasbeenmentioned in Chapter 1, Section 1.1, in this project synthetic analoguesto nat-

ural melanin were used for invest igating the electrical behaviour of melanin. Two synthetic

methods were used: the Þrst is through electrochemical polymerization of 3,4-dihydroxy-

phenylalanine (dopa), which produces free standing Þlms; the second method is through

auto-oxidation of dopa.

The samples produced were then conÞrmedto be melanin using UV-Vis spectrometry and

FTIR spectrometry. Melanin is insoluble in organic solvents, and only sparingly soluble

in alkaline solutions(7), which makes characterization of the substance through the usual

techniques impossible. Fortunately, melanin is known to have a broad band monotonic ab-

sorbance within the UV-Vis spectrum, which is certainly unique to an organic chromophore

and is therefore a deÞnitemarker.

2.1 Metho dol ogy of M elanin Fabri cati on

2.1.1 Mela nin Synthesis

Melanin wassynthesizedthrough electro-polymerization of dl-dopa according to the method-

ology asdescribed by Subianto et al.(10). The dl-dopa wasobtained from Sigma-Aldrich and

usedasreceived. Initia lly solutions of 50" 80mM of dl-dopa in sodium tetraborate bu!er (0.1

M, pH 9) were prepared. Current was passedbetween two electrodes through the solution

using a PHY-EWS-89 30V power supply. The cathode was a sheet of aluminium, and the
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anode was conductive indium tin oxide (ITO) glass. Melanin formation was acceleratedby

stirring the solution at current densities of 10 " 15 mA cm! 2 for 10 " 15 min, after which

stirring was stopped and the current density was dropped to 0.5 mA cm! 2. The suspension

was left for a minimum of 7 days to polymerize. After 7 days a black solution as well as

a Þlm of black substance on the ITO glasswas obtained. The Þlm was scraped o! back

into the black solution using a scalpel blade. The solution was then brought to pH 2 using

concentrated hydrochloric acid to precipitate completely the product. The solution was cen-

trifug ed at 3500 r/ min for 10 min which produceda black precipitate. This precipitate was

then washedtwice with distilled water. Sampleswere dried in the oven at 80 #C, producing

a powder that had the appearanceof crushedobsidian.

Auto-oxidized melanin was produced according to the method described by Felix et al.(38).

Instead of using 10 g of dl-dopa, 5 g of dl-dopa was dissolved in 2 L of deionizedwater.

Ammonia solution was added to bring the solution to pH 8. Air was then bubbled through

the dl-dopa solution for 3 days. During the 3 days, ammonia was periodically added to keep

the solution at pH 8. The solution was then brought to pH 2 using 1 M hydrochloric acid

which produceda black precipitate, which wasthen Þlteredand washedwith deionizedwater.

The Þltrate was dried in an oven at 80 #C and the powder wit h the appearanceof crushed

obsidian was obtained.

2.1.2 A naly sis - ConÞr mati on of the Product ion of M elanin

The production of melanin by these standard methods was conÞrmedby UV-Vis and FTIR

spectroscopy, ensuring that the characteristic markersof melanin werepresent.

UV-V is spectrometry was done using a Varian built Cary 300 Bio spectrometer version 9

which had Scan Software version 3.00. Baselinecorrections were obtained using a silica cell

with a pathlength of 1 cm containing an ammoniasolution (pH 8) and scanned over a range
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of 220" 800 nm with a scan rate of 600 nm min! 1, with data intervals at 1 nm and with a

beam source change over at 350 nm. The UV-Vis spectrometerÕsSBW was 2 nm. A small

amount of dried powder melanin sampleswerethen ground and dissolved in pH 8 ammonium

solution. The solution was then Þltered to get rid of insoluble fract ions. Afterwards, the

Þltered solution was diluted to a concentration such that the maximum absorbancewas not

more than 5, and placedwithin the sametype of silica cell used for baselinecorrect ions. The

melanin solution was then scanned with the same parametersas for the baselinecorrections.

ATR-FTIR spectroscopy wasconductedwith a Perkin-Elmer built FT IR spectrometer, spec-

trum 2000 using Spectrum software version 2.00. The spectrometer had a DuraSampleIR

II sampleholder built by Smiths, which is used for ATR-FTIR spectrometry. The sample

holder has a plunger to securesamplecontact to a diamond window. To obtain a background

spectrum, the diamond window was kept clear and the plunger brought down leaving just a

small amount of spacebetween it and the window. A range of 4000 to 550 cm! 1 was then

scanned8 times at a resolution of 8 and data point intervals of 1 cm! 1. Both J and B stops

were Þxed. To obtain the actual spectrum, melanin powder was ground into a Þnepowder.

Enough powder to cover the diamond window was then placed ontop of the window. The

plunger then secured the sampleto the window with a preset anvil pressure. A rangeof 4000

to 550 cm! 1 was then scanned with same parametersas before.

2.1.3 Fabricat ing Condensed Phase Me lanin Pell et s

From thesynthesisedmelaninpowders,approx. 200mg of powder wasplacedwithin a custom

madepressheadwit h a diameter 12.7 mm. This was placed within a hand presscapable of

pressingup to 10 t (approx. 770 MPa). Init ially, enough pressurewas applied so that the

pressuremeter just moved o! the zeropoint. Vacuumpumping wasthen applied to get rid of

any residual water and air. After 1 min the pressure was increased in increments of 1 t every
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15 s for 1 min. The pressure was then increasedto 10 t and left for 3 min. After the 3 min,

the pressurewasrelaxedand the pellet taken out of the press. The condensed phasemelanin

pellets (CPMP) appeared smooth and black.

2.2 Spectr oscopic A naly sis Resul ts

2.2.1 U V-V is Spectra

A characteristic UV-Vis spectrum for the range 220 " 800 nm of the synthesised product

(using both methods) is shown in Figure 2.1. The UV-Vis spectrum in Figure 2.1 has a

Figure 2.1: The blue data is a characteristic spectrum for the absorbance of melanin in the
UV-Vis spect rum. The red line is a simple exponenti al Þt to the UV-Vis data.

broad-bandmonotonic absorbance, characteristic of melanin(39; 40). This type of absorbance

is highly atypical of organic chromophores, which normally contain peakscorresponding to

transitions betweenelectronic states(39). The spectrum is so simple that an exponential Þt

to this particular Þguregave a ! 2 value of 0.9988 using A = 13.333e! 0.0051# where A is the

absorbanceand * is the wavelength in nanometers.

The spectrum in Figure 2.1 is such a unique feature to melanin that it providesgood evidence

that melanin has beensynthesised.
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2.2.2 AT R-FT IR Spectra

A characteristic FTIR spectrum of synthesisedmelanin canbeseen in Figure 2.2. Thevarious

Figure 2.2: The FTIR spectr um of melanin powder over a rangeof 4000" 500cm! 1. Peak as-
signment canbeseen, but note, other potential OHpeaks arewashedout by thebroadH2Opeak.

broad features have beenassigned and are in good agreement with various lit erature results

cited in a review by Bilinska(41). The spectrum shows a hygroscopic aromatic substance

containing carbonyl units, which is characteristic of melanin.

2.2.3 Other Observ ati ons

According to Giacomantonio(6), the two synthetic methods usedproducesamplesof di! erent

morphology. When subjected to high pressuresin a press,pressuresintering occurs and the

melanin samplesstart to ßow and reform. The morphology one obtains for pellets therefore

appear to be the same, whether or not the starting morphology was di!erent(6).

Also, it wasnoticed using the auto-oxidized method produced far more melanin compared to

the electro-polymerized method. Due to time constraints, most samples used in thi s project

wereobtained via the auto-oxidation method.

In conclusion, CPMP were fabricated from acceptedsynthetic techniques and shown to be

melanin using spectroscopy.
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CHAPTER3

Adsorption Isotherm

The preferredmorphology for investigating electrical behaviour of melanin is CPMP samples.

As was mentioned in Chapter 1, Section 1.5, the isotherm obtained by Powell et al. is

useless for CPMP samples, since it is applicable only to powders. In this chapter, a new

adsorption isotherm, with an extensive experimental procedure, is shown for the relevant,

pellet morphology. It should be noted that this is the Þrst of it Õskind to be reported.

3.1 Metho dol ogy of Adso rpt ion Exp eri ment

3.1.1 Equi pmen t

The determination of the adsorption behaviour of CPMP centred on the use of a vacuum

microbalance. Figure 3.1 shows the ent ire apparatus that was used in the experiment. It

consistsof a CI, Electronics Ltd. vacuum microbalance with an MK 2 vacuum head, in which

the CPMP werelaid. The balance is connectedto an external CI STABAL control unit where

electronic signals wereprocessedinto a value for the massand sent to a computer where the

valuesare displayed. The microbalanceunit is also connectedby a vacuumline to a di! usion

and rotary vacuum pump setup.

Melanin is extremely hygroscopic,which led to sudden large pressure drops in the system,

resulting in pressure instabilit y. In an attempt to keepthe pressurerelativ ely constant , the

volume of the systemwas increasedby attaching bulbs C and D (Figure 3.1).

Water was introducedinto the systemfrom a water ßask. The water was subjected to three
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Figure 3.1: Schematic of the equipment used to determine the adsorption isotherm of melanin
pellets. A) The balance arm holding the melanin sample, B) The reference balance arm, C)
Empty chamber 1 (Appr ox. 1L), D) Empty chamber 2 (Appr ox. 4L), E) Cold trap 1, F) Cold
trap 2, G) Baratron Gauge, H) Penning Gauge

freeze-thaw cyclesthat ensuredthat no dissolved gaseswere left in the water.

A MKS Baratron pressure transducer,which has a rangeof 0 " 1000 mbar, wasemployed to

measurethe water vapour pressure in the system. A PenningGauge was usedto monitor the

pressurein the systemduring evacuation. This enabledchecking for possibleleaks.

Outside temperature was monitored by a thermometer that sat above the microbalance. The

temperature was not controlled in the vacuum line, but becausethe equipment was located

in an air-conditioned laboratory the outside temperature remainedat 22± 2 #C.

Melanin powder was preparedfrom electro-polymerization of dl-dopa. The powder was then

pressed at 770 MPa (Chapter 2) to form a CPMP. The pellet was then loaded into the

microbalance.
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3.1.2 A dsorpt ion and D esorpt ion Data A cquis it ion

Desorption data for the pellets wereobtained by evacuating the systemfor at least 10 hours,

while the change in masswas monitored.

To obtain the adsorption data, the systemwas isolated from the vacuumpumps immediately

after the desorption procedure. Water vapour was then bled into the systemto the desired

pressurelevel. The system was then allowed to equilibrate for half an hour. If after 30

minutes, the pressuredid drop in the system, more water vapour was let in up to the desired

pressurelevel. The systemwas then allowed to equilibrate for the next 3.5 hours, while the

change in mass wasmonitored wit h the microbalance. Afterwards, the melanin was dried by

pumping for 1 hour and then wetted again with the sameprocedure,but at a di!erent vapour

pressure.

The whole procedureabove was then repeated several t imes to obtain enough data to obtain

a full adsorption isotherm.

3.2 Resul ts for Adso rpt ion Isot herm

3.2.1 Desorpt ion D at a

Sometypical desorption data of themassof melanin is shown in Figure3.2. As canbeseenthe

desorption data is a cont inuouscurve to which it is possible to Þt an equation. The equation

is then evaluated in the thermodynamic limit (time $ & ) since adsorption isotherms are

only valid at thermodynamic equilibrium. This evaluated equation determinedthe dry mass

of CPMP, DM 1.

Multiple desorption experiments were performed on a single pellet and the DM for each

experiment determined. From these result s a mean value for DM was obtained, wit h an

associated error, which was taken as 2 times the standard deviation from the mean.

1All masseswere calculated in grams.
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Figure 3.2: The typical desorption curve observed for CPMP pumped under vacuum. Time
between each data point is 10 sec. The generic equation that Þtted these graphs is displayed,
where y is the mass, t is ti me and a, b,c are positive constants and d is a negative constant.
The constants di!e red between data sets. The evaluation of the equation in the thermodynamic
limit is also shown.

3.2.2 A dsorpt ion D at a

Typical adsorption data canbeseenin Figure 3.3. The data alsorepresent a continuouscurve,

to which an equation wasalsoÞtted. Again the equation was evaluated in the thermodynamic

limit, allowing the determination of the equilibrated massof wet melanin, M .

Valuesfor M could not be treated statistically sinceeach new result was taken at a di!e rent

water vapour pressure.Errors were assignedto the results by taking the di!erence between

the massat 4 hours and the mass in the thermodynamic limit M .

For a detailed analysis of the raw data and error analysis, seeAppendix A.1.

3.2.3 BET Anal ysi s

Adsorption data for two pellets were obtained, with the Þnal isotherm data shown in Fig-

ure 3.4. The data were then analysed using the BET equation(42) to obtain surfaceareaand
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Figure 3.3: The typical adsorption behaviour observed for CPMP for any given water vapour
pressure. Time betweeneach data point is 10 sec. The equation displayed is thegeneric equation
that Þtted thesegraphs, where y is the mass, t is ti me and a, b,c, d are positive constants. The
evaluation in the thermodynamic limit is also shown.

enthalpy of adsorption. The BET equation in linear form is given by

P
n! (P0 " P)

=
1

Zn!
m

+
Z " 1
Zn!

m

P
P0

(3.1)

where n! = M ! D M
M H2O

is the number of moles of adsorbate (i.e. water)2, n!
m is the number of

molesof adsorbate required to give monolayer coverage, P is the vapour pressure of water,

P0 is the saturation vapour pressureof water and Z # exp[(" E)/R T]. " E is the enthalpy of

adsorption. The BET equation is meant for an ideal system. Therefore, Barnes& Gent le(42)

and Adamson(43) recommend that Equation 3.1 be used on data that ranges from 0.05 to

0.3 relativ e pressure,since data within this range for most systemsbehave in an ideal way.

This recommendation was followed in a plot of P
nσ(P 0! P ) vs P

P 0 (Figure 3.5) from which the

gradient and intercept were determined. These were then used to determine the unknown

parametersZ and n!
m . From Z and n!

m the valuesfor " E, speciÞcsurfacearea and speciÞc

monolayer coverageof CPMP werecalculatedand can be seen in Table 3.1.

2M H2O is the molar massof water.
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Figure 3.4: The adsorption isotherms for pellet 1 (blue circles) and pellet 2 (red dots), with
their theoreti cal curves. The results for pellet 1 were obtained at 22.8± 0.6 #C wit h a saturation
pressure of 26.4 ± 0.9 mbar. The results for pellet 2 were obtained at 22.0 ± 0.6 #C with a
saturation pressure of 25.2 ± 0.9 mbar. Results were Þtted to equation 3.4. The parameter ! is
indicated on the graph.

Pellet 1 Pellet 2

SSA (m2 g! 1) 540 ± 160 560 ± 200

n!
g (mol g! 1) (4.7 ± 1.4) ! 10! 3 (4.9 ± 1.7) ! 10! 3

" E (J mol! 1) 7760± 530 8470± 640

Tabl e 3.1: The SpeciÞc surface area, SSA, speciÞc monolayer coverage, n!
g , and energy of

adsorption, " E , for CPMP. Results were obtained from the gradients and intercepts of the
plots in Figure 3.5 using Equation 3.1.

The error in the relative pressurewas found using

" X
X

=

%&
&
'

! " P
P

" 2

+

#
" P0

P0

$ 2

(3.2)

whereX = P
P 0 is the relative pressure. The error in P

nσ(P 0! P ) was found using

"
(

P
nσ(P 0! P )

)

(
P

nσ(P 0! P )

) =

%&
&
'

! " P
P

" 2

+
! " n!

n!

" 2

+

#
" P0 + " P

P0 " P

$ 2

. (3.3)

The errors in the gradient and the intercept were found using a multiple linear regression

program.

26



Figure 3.5: Plot of the adsorption data using Equation 3.1. Values for the gradient and
intercepts are shown. Data points were taken from a range of 0.05 to 0.3 relati ve pressure as
recommended by Barnes & Gentle(42) and Adamson(43).

One of the assumptions in the BET equation is that an inÞnite number of monolayers is

possiblefor adsorption. This assumption is not necessarily accurate for complex solids. To

take into account a Þnite number of layers, the BET equation can be modiÞedto

n!

n!
m

=
ZX

1 " X
1 " (%+ 1)X $ + %X $+1

1 + (Z " 1)X " ZX $+1
(3.4)

where%is the number of monolayers possible(42). Equation 3.4 was used as the theoret ical

Þt to the Þnal adsorption data in Figure 3.4. From the Þtted curves it was determined that

for the data of pellet 1, %= 4 and for the data of pellet 2, %= 3. This indicates that there is

only limited spacefor water to adsorb onto CPMP.

Errors for wt(%) = (M ! D M )$ 100
D M , for each data point were assignedusing

" wt(%)
wt(%)

=

* ! " M + " DM
M " DM

" 2

+
! " DM

DM

" 2

. (3.5)
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3.3 Di scussion of Ads orpti on Isotherm

3.3.1 A dsorpt ion and D esorpt ion

It is clear from the adsorption data that after 4 hoursa reasonable amount of time has passed

in order to analysis the data3, becauseat 4 hours the data is already deepinto its asymptotic

region.

The desorption data was not as clear sinceit appears that it may still continue to decrease

signiÞcantly. But by performing multiple experiments, it wasnoticed that DM changed very

little. This justiÞesthe data analysis and the amount of t ime allowed to equilibrate.

From the desorption data it can be seenthat drying melanin is di#cult and also that water

hasa very high a#nit y for melanin.

3.3.2 BET Anal ysi s

As can be seenfrom Figure 3.4 the water initially adsorbsstrongly onto melanin to form the

Þrst monolayer, indicated by the ÔkneeÕ(42; 43) in the graph. Then a ßattening of the curve

occurs, which can be modeledby Equation 3.4. The experiment was not taken beyond 0.85

relative pressuresinceat thesehigh pressuresthe pellets start to deform, and would likely go

on to collapseat higher pressures.

It wasfound that the BET equation did not Þt the data in Figure 3.4, therefore necessit ating

the useof the modiÞed BET equation, Equation 3.4 as the theoretical Þt to the data. Fur-

thermore Equation 3.4 is a more realistic picture of what is happening molecularly, sinceit

implies that onecanÕtadsorban inÞnite number of monolayers within a sample.

To get a feel for " E (Table 3.1), their values are compared to a result obtained for nitrogen

adsorption by Crippa et al.(44). Their work on synthetic melanin powders,found a value for

3The adsorption proÞle seen Figure 3.3 shows that the major part of the adsorption occurred in the Þrst
1.5 hours followed by a ßattening of the curve. This behaviour was seen for all the di!e rent water vapour
pressures employed, even for the high vapour pressures.
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Z around 301. This leadsto a " E of approx. 3500 J mol! 1. Even though powderedmelanin

is not CPMP, onewould expect powders to adsorbmore readily. But the very di!erent values

for " E indicate that water has a very strong a#nit y for melanin, even if the melanin is a

CPMP. But the calculated valuesfor " E in Table 3.1 are only indicative, as the calculations

were basedon water being a non-interacting adsorbent, which is inaccurate. Overall one

can say that the numbers indicate that water hasa high a#nit y for melanin as compared to

nitrogen. This is most likely due to polar interact ions between the water moleculesand the

polar moieties in melanin, and is exact ly as one would expect.

The speciÞc surfacearea values in Table 3.1 were calculated by assuming a surface area of

19 ûA
2
(45). This meansa radius of 2.46 ûA if one assumesa perfect circle. However, in liquid

water, if oneassumes the moleculesto be perfect spheres,oneobtains a radius of 1.93ûA. This

indicates that water is capableof very e# cient packing, which the lit erature result seems to

downplay. The value of # 500 m2 g thus represents an upper bound on the surface area of

melanin.

3.3.3 Compariso n wi th Li ter ature

Comparing the current isotherms wit h thoseof Powell et al. in Figure 3.6, it can be seen that

PowellÕsdata show greater absolute adsorbance. This is easilyexplainedsincethe surfacearea

of powderedmelanin is greater than that for the CPMP. This greater surface areaallowsmore

spacefor water adsorption, resulting in a greater increasein wt(%). The greater surfacearea

alsoexplainsthe delayed ÕkneeÕ(42; 43) in the lit erature curve. This ÕkneeÕoccurs around 0.3

relative pressureand indicates the formation of the Þrst monolayer4. In contr ast the result s

for the pellet samplesuggest a knee occurring around 0.1, indicating a smaller total surface

area.
4One has to keep in mind that theseobservations are all qualitativ e observations and not quantat ive.
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Figure 3.6: Comparing the results obtained from experiment to thoseobtained by Powell et
al.(24). The black line is the literatur e work and the blue and red lines are the results from
pellets 1 and 2. Figure taken from (24) and Figure 3.4 and modiÞed.

Another observation is that Powell et al.Õsisotherm is a classictype 2 isotherm, whereasthe

isothermsfor CPMP is not. Again it is morphology that makesthe di!e rence. For powdered

melanin there is more space for water to form a possible ÔinÞniteÕnumber of monolayers.

In contrast the condensedphase melanin pellet has far less spaceand thus only up to 4

monolayers may be possible.

However, quantativ e comparisons are not possible becausePowell et al. did not included

their own analysis of the data. There is no Þt to any theory, rather it seemsthat a line of

best Þt was hand drawn. Moreover, no error analysis is apparent, making it even harder to

compare results. At best the data produced by Powell et al. should be usedfor qualitative

comparisons.
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3.3.4 Other Observ ati ons

It hasbeendemonstrated that there are two typesof water in melanin(6; 21; 22), water bound

intr insically wit h melanin (structural water), and water adsorbed unto the surfacethrough

physical interact ions (physical water). Removal of the structural water requiresthe melanin

to be heated to 100#C and beyond(6). At thesehigh temperatures melanin starts to degrade,

therefore it is impractical to fully dry melanin. From these considerations the experiment

described above and result s calculated largely concernsphysical water.

3.4 Concl usions for A dsorpt ion Isot herm

A Þrst complete and detialed adsorption isotherm of CPMP is presented, which can be Þtted

to a modiÞedBET equation. Quantiti es calculated from the BET analysisare only indicators

since they neglect the interactive nature of water, but they do indicate that water has a

strong a#nit y for melanin. Also it wasfound that the isotherm wasdi!e rent to the published

powder isotherm becauseof di!erent morphologies.

This adsorption isotherm is critical for full analysisof the conductivit y data presented in the

next chapter.
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CHAPTER4

Conductivity Measurements

As stated in Chapter 1, Section 1.5, there are no reports of the full mapping of the water

dependent conduct ivebehaviour of melanin, from which the surrounding atmospherehasbeen

eliminated. Therefore, in this chapter a new experimental setup is introduced to fully map

out the conductivity isotherm for CPMP as a function of water adsorbed.

4.1 Exp eri menta l for Conduct ivi t y Isotherm

4.1.1 Pell et Sample Pre parat ion for Conducti vi t y

CPMP sampleswereprepared from auto-oxidised dl-dopa (Chapter 2) and pressed at 770MPa

and 400 MPa. Pellets were contacted by evaporating gold, using a thermal deposition unit

(Dynavac, High vacuum system),througha custom made shadow mask onto the pellets. The

evaporativ e conditions were: 20 V, 18 A current through a tungsten basket containing the

gold. Evaporations from the basket to the samplesweredone at a distanceof approx. 10 cm

for 3 min. The contact pattern geometry was selected according to a van der Pauw1(vdP)

conÞguration (Figure 4.1), leaving 2 mm of bare melanin betweentwo adjacent gold contacts

as the ÔactiveÕarea.

Copper wireswerethen gluedon top of the gold contactswith the useof conductiveepoxy glue.

Care was taken to ensurethat the entir e area coveredby the gold was coveredby conductive

1This conÞguration allows one to expose a larger surface area for water adsorption as compared to the
sandwich setup employed by Jastr zebska et al..
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epoxy sincethe gold contacts by themselvesdid not yield discernibleconductivit ies. This is

most probably due to the gold Þlm being too thin to be ÔpercolatingÕin the tr aditional sense

sinceit was deposit ed on a rough surface.

The contacted pellets were then glued down using Arildite epoxy on top of a square plate of

PVC, which had a hole in the center of it. Furthermore, the copper wires were also glued

down unto the PVC plate. The Araldite was usedto ensurethat the contacts on the pellets

didnÕtcomeloose during the experiment. PVC was usedto ensurea minimum of degassing

would occur under the applied vacuum. A schematic of the Þnal preparedpellet can be seen

in Figure 4.1. It should be noted that one of the advantagesof using the vdP conÞguration is

Figure 4.1: Schematic of melanin pellets prepared for conductiv it y experiments. Melanin is
contacted according to the vdP conÞgurati on and then mounted for stabilit y. The hole in the
PVC increasesthe surface area of melanin for water adsorption.

that it eliminates contact resistance from IV data one collects. Still, the individual contacts

had a resistanceof # 0.03 $, which is negligible compared to melaninÕsresistanceof approx.

MegaOhms. This combined with the vdP setup allows us to ignore any e!ects on the results

due to contact resistance.
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4.1.2 Equi pmen t

The equipment used for controlling water content in the environment was the sameas used

for the adsorption isotherm (Figure 3.1), except the microbalance section was adapted for

IV experiments. One of the microbalance glassbulbs had tungsten rods inserted in order

to create a conducting pathway from the inside of the vacuum line to the outside. On the

inside of the adapted bulb the prepared pellet was connected to the tungsten rods2, and on

the outside a source meter unit (SMU) was connected to the tungsten3.

4.1.3 Exp eriment al Procedure for Conduct iv it y Isotherm Data

After a pellet was connected,the vacuumline wasevacuated for 1 hour using a rotary pump.

The line was then isolated from the pump and water vapour bled in up to a pressureof

7.5 mbar 4. The pellet was then left for 4 hours to equilibrate, at the end of which IV

measurements5 were taken using the SMU (Section 4.1.4).

Following the IV measurements the water pressure in the line was increasedby 1.5 mbar.

Another set of IV measurements were taken oncethe samplehad been allowed to equilibrate

for 2 hours. The procedure was then repeated unt il the measurement for 22.5 mbar was

completed.

4.1.4 Conduct iv it y Measure ments

The vdP technique requires that 8 di! erent conÞgurations (Figure 4.2) be used for obtaining

IV data. The IV data are obtained using a Keithly 2400SMU which drove the voltagefrom

0 to 5 V in a single sweep, taking 51 data points. The vdP procedure,as laid out by NIST,

requiresthecurrent to bedrivenand thevoltageto bemeasured.However, driving the voltage

2Tungsten rods expand at the samerate as glass, th is ensures a vacuum tight seal.
3The SMU was used to drive voltage through the melanin pellet .
4Pressuresbelow 7.5 mbar were found to give no desernable conductiv it y.
5The bulb holding the melanin sampleswaswrapped in a th ick black cloth to minimize photoconductivi ty.
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Figure 4.2: The 8 di! erent conÞgurations needed to perform IV experiments using a vdP con-
Þgurati on. A is an ammeter and the 2 black bars is a potenti al. The top series of conÞgurations
are the ÔhorizontalÕconÞgurations. The bottom series are the Ôvert icalÕconÞgurations. The
averageresistance across the top conÞgurations, RH , and bottom conÞgurations, RV , are used
to determine the conduct ivit y of the melanin pellets.

doesnot e!ect the results and sincethe SMU made it easier,the voltage was driven instead.

4.2 Resul ts for Conductiv it y Measur ements

4.2.1 Determi ning Conduct iv it y

The vdP techniquewasdesignedto beemployedon any sample with an arbitra ry conÞguration(46),

but if one has a highly symmetrical sample, like the circular pellets usedin the above exper-

iment then oneobtains

exp(" ) RH d&) + exp(" ) RV d&) = 1 (4.1)

whereRH is the averageresistancefor all horizontal conÞgurations, RV is the averageresis-

tance for all vertical conÞgurations (Figure 4.2), d is the thicknessof the pellet and & is the

conductivit y. The valuesfor RH and RV were found by obtaining three IV curves for each

vdP conÞguration. Thesecurves were averaged and a graph of voltage against current was

then plott ed, from which a resistancecould be found from the gradient. A straight line was

Þtted to the initia l linear region of the data, an exampleof which can be seen in Figure 4.3.

This was done since any blocking behaviour (ChildÕsLaw behaviour) is expected for high

voltages. Using the above procedurea resistanceof each of the 8 conÞgurationswas obtained.
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Figure 4.3: Representati ve voltage against current data. The str aight line is Þtted to the
Þrst available straight part of the curve, and the gradient determined to yield a value for the
resistance. Note also the behaviour of the data: the straight line clearly shows the non-linear,
ChildÕslaw dependenceat higher voltages.

For each of the curves, a ! 2 value was obtained and used to determine a weighting, w, for

each curve through

w = 1/
((

1 " ! 2
)

R
) 2

(4.2)

whereR is theresistanceobtained for a speciÞcconÞguration. To obtain the averageresistance

for all the horizontal conÞgurations, RH , a weighted average was taken of all the resistances

of all the horizontal conÞgurations

RH =
+

i wi Ri
+

i wi
(4.3)

where i speciÞesa horizontal conÞguration. The samemethod was used to determine RV .

The determined valuesfor RH and RV were then used in Equation 4.1. It should be noted

that Equation 4.1 is impossibleto solve analytically. Therefore, the conduct ivit y was found

numerically by plotting values for Equation 4.1 against a range of values for the conductivity,

from which the corresponding value for the conductivity wasobtained for where Equation 4.1

hasa value of 1.
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The relativ e error associated with the vdP setup is

" &
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4D 2 ln 2

$ 2
.

/ (4.4)

where l is the distance the contacts span the circumference of the pellet, m is the distance

the contact intrudestoward the centre of the sample and D is the diameter of the pellet. The

error was found to be 15 %6.

The Þnal conductivit y isotherms as a function of relative pressure,X , can be seen in Fig-

ure4.4a. The errors in the relativ epressure,werecalculated the sameway asfor the adsorption

isotherm results (Chapter 3, Sect ion 3.2.3).

Figure 4.4: Conductivit y Isotherms of CPMP. Figure a) are the isotherms as a function of
relative pressure of water. Figure b) are the isotherms as a function of wt(%). The blue data
was obtained at a temperature of 23.5 ± 0.1 #C, black data at a temp. of 22.9 ± 0.1 #C and red
data at a temp. of 22.5 ± 0.1 #C.

The conduct ivit y isotherm asa funct ion of water adsorbed by weight percent (wt(%)) can be

seen in Figure 4.4b. The valuesof wt(%) weredeterminedusing the modiÞedBET equation

(Equation 3.4, Section 3.2.3), where it was assumed that the number of layers %is 3. The

error in wt(%) was determinedby

" wt% =

%&
&
'

#
+wt%

+Z
" Z

$ 2

+

#
+wt%
+X

" X

$ 2

+

#
+wt%
+n!

g
" n!

g

$ 2

. (4.5)

6For the complete error analysis and the derivation of Equation 4.4, see Appendix A.2.1
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4.2.2 Chil dÕsLaw D ependence

During the experiment a great deal of IV data wasobtained, consequently allowing a detailed

search for ChildÕslaw dependence, I % V n, on the voltage (Sect ion 1.2).

Approximately half of all the IV curves obtained were linear, indicating OhmÕslaw depen-

dence, but the other half had non-linear dependence. The curve in Figure 4.3 is a repre-

sentat ive Þgureof ChildÕslaw dependencein the data acquired. The most probable reason

for only half of the curves being non-linear is the order in which the IV data for each vdP

conÞguration was obtained. When one applies a potential Þeld, charges aggregate around

the electrodesand thus it exhibits non-linear behaviour. This aggregation can be e! ectively

eliminated by applying the potential Þeld in the opposite direction. However, aggregation

would not occur for the secondrun since not enough time is allowed for the chargesto move

to the other electrode, thus onewill only seeohmic behaviour.

4.3 Di scussion of Conducti vi t y Isot herms

4.3.1 Conduct iv it y Isotherm, General Form & Percol ati on

Looking at the conductivity isotherms in Figures 4.4a and b it can be seen that initially

the conductivit y doesnÕtchange, but then a critical amount of water is adsorbed and the

conductivit y increasessuddenly. The shape of the curvesis highly reminiscent of percolated

conductivit y (Figure 1.7). Furthermore the behaviour around the crit ical area for the di!er-

ent sets of data is very similar. This suggests that the behaviour of the conductivit y may

be a cont inuous phase transit ion7, with a crit ical point at 0.41 relativ e pressure or 12.5 %

weight percent gained(Figure 4.5). Theseobservationssuggesta percolating conductivit y, but

to determine whether the data is consistent wit h percolation theory an approximate critical

7The discussion on phase transit ions and critical exponents relies heavil y on knowledge taken from the
text Chaiken & Lubesky(47)
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Figure 4.5: Determining the critical relati ve pressure in the conduct ivit y. A str aight line is
drawn through the Þrst few data points using the blue data from Figure 4.4a. Another curve is
then Þtted to the rest of the data. Where the two curvesdiverge is the criti cal relative pressure,
X C , and is 0.41± 0.01.

exponent was determined. According to percolati on theory the conductivit y should be de-

pendent on water in melanin, i.e. & % (wt(%) " wt(%)C)µ wherewt(%)C is the crit ical water

adsorbed by weight percent. But, it can be seenthe errors in wt(%) in Figure 4.4b are large.

Instead, the data from Figure 4.4a was used. This is justiÞed sincethe valuesfor the relative

pressuresaround 0.41 is essent ially linear in the adsorption isotherm (Figure 3.4). Thus X %

wt%, and therefore& % (X " X C)µ whereX C is the critical relative pressure. Taking the log

of both sides we obtain

ln & % µ ln(X " X C). (4.6)

Plott ing the values for Equation 4.6 near the critical relativ e pressure (Figure 4.6) gives a

critical exponent µ of 2.3 ± 0.2. The data is consistent with 3-dimensionalpercolation for

which we expect µ = 2.0 but to be sure one would require more data points which are much

closerto X C. The points chosen in Figure 4.6 ranges from 0.4 to 0.5 relativ e pressure,which

is equivalent to a range of reducedrelative pressure X ! X C
X C

of 0.22. For comparison, a typi-

cal experiment for determining critical exponents have reduced value rangesof 10! 2(48). It
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Figure 4.6: Determining critical exponent of the conductiv it y for hydrated melanin. The red
line is the line of best Þt, from which the gradient has the value of the exponent. The gradient
has a value of 2.3 ± 0.2.

is clear from this comparison that the result s presented in this thesis are not closeenough

to the crit ical point to get an accurate value for the critical exponent. However, a model

experiment(49) that was done on percolated conductivit y used a reducedrange of 0.22 as

well, and it was found that the samplesused had a critical exponent of 3, consistent wit h

meanÞeld theory (MFT). Our result, which has a value of 2.3 ± 0.2, indicates that we may

have passedbeyond the MFT region and may actually be within the relevant region for ob-

taining critical exponents for 3D percolation.

Another consideration for the critical exponent obtained above is that the critical exponent

for 3-dimensional percolation assumesthat the conductive elements, i.e. water, are non-

interacting. This is an inaccurate assumption since water forms strong hydrogen bonding

networks, therefore this interaction may give rise to a higher critical exponent than predicted

by percolation theory(6).

Comparing the result for the critical exponent to 11± 1 obtained by Giacomantonio, there is

certainly a large di!e rence. This di! erenceis most probably due to the fact that Giacoman-

tonio calculated the exponent using a reducedrelative pressure range of 0.95, and as been

mentioned above, one needs to be very close to thecritical point to estimate a valid exponent.
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This shows that the results obtained in our experiment probes the critical region with more

accuracy.

In conclusion, the above observations strongly indicate that a percolated system is present.

This in turn would be consistent with proton conduction which employs the Grotth ussmech-

anism (Section 1.4.2, Chapter 1).

4.3.2 Conduct iv it y Isotherms, Other Consider ati on

The overall change in the conduct ivit y is approximately one order of magnitude whereasthe

results obtained by Giacomantonio(6) and Jastrzebska et al.(5) changed several orders of

magnitude. Upon consideration, our results may be di!erent to Giacomantonio and Jastrzeb-

ska et al. becauseof signiÞcant di! erencesin experimental setup in the three cases. These

di!erencesare:

1. Samplegeometry. The thinner samples in our experiment had the highestconductivity.

Consideringthat the pelletsby Giacomantonio and Jastrzebska et al. wereeven thinner

still, suggeststhat future samplesshould be made thinner.

2. Sampledi!e rence. The samplesusedby Giacomantonio werefrom electro-polymerization

which is suspected to have a higher ratio of DHICA to DHI. This would allow more

protons for solvation and hencethere would be more charge carriers for conduction.

3. Samplepreperation. Another potential reasonmay be the physical preparation of the

pellet samples.Samplespressedat higherpressuresmay createsmallerpores,thuswater

entering the melanin matrix may be hinderedand thereforelower the conductivity.

4. Experimental setup. The experimental setup used in Section 4.1 is di! erent to Gia-

comantonio and Jastrzebska et al.. Their results were obtained using salt solutions to

control the water content at atmosphericconditions, whereas our experiment subjected
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melanin to vacuum, and kept the samplesat essentially vacuousconditions throughout

the experiment. It may be that the vacuum changesthe morphology of melanin to the

extend that the positive charge carrier is retarded.

5. Presence of O2 in experimental setup. As discussed in the introduct ion, Chapter 1

Section 1.1, O2 is most important in the chemistry of melanin. Oxygen helps with

the formation of free radicals, which may be used in conduction. Considering that

Giacomantonio and Jastrzebska et al. performed their experiments in atmospherein

the presenceO2, asopposed to our experiment which had no O2 present, it is proposed

that O2 may also be crucial in producing additional charge carriers for conduction.

By isolating samples from the atmosphere, our samplescould not be oxidized by O2

and thus the observed conductivity was lower in magnitude. It is suggestedthat O2

may oxidise melanin and thus shift the comproportionation equilibrium (Chapter 1,

Equation 1.2) towards more radicals, and as it turns out, may alsoincreasethe number

of available protons for conduction. Unfortunately, no work has been done on the

possiblelink betweenO2 and conductivit y in melanin within the literat ure. This link

should certainly be investigated.

This current work has established that synthesis, morphology, experimental conditions and

possiblereactions play important roles in determining the conductivity of melanin. Furt her,

detailed controlled studies will be required to understand the full e!ects of these di! erent

factors. However, it is important to note that the form of the conduct ivit y isotherm is very

similar to Giacomantonio, but it is signiÞcantly more accurate and hasenabledthe calculation

of a more realistic critical exponent.
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4.3.3 Chil dÕsLaw D ependence

In Figure 4.3 there is clear evidencefor ChildÕslaw dependencein the IV data. Usually this

dependenceis due to ions in a sample, which are unable to transfer successfully into the

opposit ely charged electrode(19). These resultsconÞrmdata obtained by Giacomantonio and

Osak et al.(25). Sincethere are no other ions in melanin able to conduct except H+ , the data

is highly suggestive of proton conduction within melanin.

4.4 Concl usions for Conduct iv it y Data

Using a new experimental setup, conductivit y isotherms for melanin pellets as a function of

water were obtained and compared to the literatu re. The data indicates that a percolated

system may be present and alongside ChildÕslaw dependencesuggeststhat protons is the

dominant charge carrier at high hydration levels. We have also establishedthat synthesis,

morphology and experimental conditions have signiÞcant e!ects on melanin conductivit y.

This is the most complete mapping of the DC conductivit y of CPMP ever obtained, and

furthermore we have normalized the data to the appropriate adsorption isotherm. It must

be stressedthat, although the absoluteconductivities we measuredare lower than previously

reported, the form of the dependenceupon water content is very similar to that reported by

Giacomantonio.
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CHAPTER5

Proton Dynamics

For proton conduct ivit y to be a reality, protons must be free to move within a material.

One of the best, non-intrusive ways to study proton dynamics is through NMR. The study

of relaxation times of proton spin can be used to understand proton motion and behaviour.

No previous study on proton dynamicswit hin melanin has beendonebefore, therefore, this

chapter describes the Þrst experimental forays using solid state 1H NMR experiments to

understandproton behaviour within melanin.

5.1 Metho dol ogy for NMR Spect roscopy

CPMP werefabricated from auto-oxidized melanin asdescribed earlier. These wereprepared

by applying a pressureof 400 MPa. The sampleswere then dried in an oven at 80#C for 3

hours. Immediately after they weredried, they were placedin an adapted petri dish setup, in

which the humidit y was contr olled with salt solutions (Figure 5.1). Di!eren t salts wereused

to obtain di!e rent humidities. The salts usedand their corresponding humidities can be seen

in Table 5.1.

Desiccator Pellets MgCl2 NaCl
Relativ e humidit y 0% 33% 75%

Tabl e 5.1: The RH each salt producesin surrounding atmosphere. The valuesfor the chloride
salts were taken from ASTM E 104-02(50).

The petri dishes were wrapped in paraÞlm to ensureminimum of exposure of the inside

environment to the outside atmosphere. The samples were kept in the dishes for 3 days
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Figure 5.1: Salt solution setup for hydrating melanin. The melanin sample is placed wit hin
a cap. This cap is then ßoated on top of a saturated salt solution, which controls the water
content in the surrounding atmosphere.

minimum.

To ensure that the samplesdid not gain or losesigniÞcant amounts of water while NMR data

wasbeing collected,the melanin samplesweretaken out of their petri dishesand wrapped in

Teßon tape. Immediately afterwards the sampleswereplacedwithin the NMR spectrometer

and data collected. Wide-line 1H NMR experiments were conducted on a Bruker DRX-300

spectrometeroperating at a proton frequencyof 300.13MHz. A simplepulseand collect pulse

sequence wasusedto acquirethe date. The 90# pulset ime was 5 s, and pulse repetition time

was 3 s. The spectrum width was 100 kHz. A receiver dead time of 5 s was used. Each free

induction decay (FID) wasaccumulated for 64 scans and consisted of 1k complex data points.

The FID was then zeroÞlled to a total of 4k points to prior to Fourier transformation.

No Spin-Echo NMR resultswereobtained since init ial experiments could not Þndsignals from

which values for T2, the transversespin relaxation t ime could be determined.

5.2 Resul ts of NMR Studies

The NMR spectra obtained can be seenin Figure 5.2. As water content in melanin increases,
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Figure 5.2: 1H NMR spectra of hydrated melanin at di!e rent hydration values.

the intensity of the peaks increaseindicating that more water is present. Also, the widt h

of the peaksdecrease as water increases. Finally, it can be observed that a change in the

chemical shift occursas water content increases.

The widths of the peaks at half height were found, since this characterises the e!ective

transverserelaxation of protons within the system according to " = 1
%T !

2
where T"

2 is the

e!ective transverserelaxation and " is the width of the peaks at half height( 51). The values

for T"
2 obtained are plotted in Figure 5.3a against water content within the melanin. Also, in

Figure 5.3b the chemical shift is plott ed against water content.

5.3 Di scussion of NMR Result s

As can be seen in Figure 5.3a the T"
2 valuesare of order # 10! 4 s. Also, the valuesof T"

2

increaseas water content in melanin increases. This clearly indicates that the protons are

moving faster as more water is added since an increase in the transverse relaxation time

shows increasemolecular movements(51). However, these results are most likely indicating

that water moleculesare moving faster via rotational and translational movements, and not
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Figure 5.3: a) The e!ective transverse relaxation times, T"
2 , obtained for protons withi n

hydrated melanin as a funct ion of water content . b) The chemical shift as a function of water
content.

protons moving via a Grotth usslike mechanism. If we assumethat the valuesfor T"
2 are not

much smaller than for T2
1, then the results are similar to water di!us ion result s in hydrated

polymers(Seereview by McBriert y(52)). Here we assumethat hydrated polymersare a rea-

sonable approximation to hydrated melanin macromolecules.

Upon further lit erature investigation, it was found that the timescales involved for proton

movement in liquid water due to the Grotth uss mechanism are of order # 100 ps(53; 54),

which is much faster than the time involved in di!us ion of water molecules. This would imply

a much larger value for T"
2 than is observed. Furt hermore, this pico second t imescale was

observed by determining coupling between 17O and 1H, and not proton-proton coupling.

This method would indicate whether protons have moved away from the oxygen centre as is

assumedby the Grott hussmechanism. In contr ast proton-proton coupling asobserved in our

experiments would include this Grotthuss mechanism as well asthe more dominant rotational

and translational di!usion of water. Thus proton-proton coupling is an insensit ive tool for

1This assumption is correct in as far as that T2 > T!
2 . The more fundamental assumption that is made is

that the magnetic Þeld inhomogeity is small, since 1
T !

2
= 1

T2
+ 1

Tin hom
, where Tinhom is the value added to the

transverse relaxation due to Þeld inhomogeneity.
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determining Grotth uss like movements since any such movement would be washedout by

more dominant e!ects such as di!usion and rotational motions.

The changein the chemical shift with water content in Figure 5.3bwas unexpected. However,

upon consideration it can be explained: as water is addedto melanin, the e!ective dielectric

constant of melanin changes, which would meanthat the magnetic susceptibilit y of the sub-

stanceis changing(55). Therefore, the e!ective magnet ic Þeldwit hin the substancewill also

change, giving rise to the changein chemical shift. It should be noted that it looks like the

chemicalshift is ßattening out asmorewater is added,which implies that the dielectric value

of the system is reaching a maximum limit . This is expected since it supports RosenbergÕs

theory of electron conduct ivit y within melanin (Chapter 1, Section 1.4.1). However, three

data point are not enough to determinea trend, and thus more data needs to be obtained.

5.4 Concl usion of NMR Result s

The very Þrst study of proton dynamics within hydrated melanin usingNMR wasperformed.

It showed that as water is addedto melanin the motion of the protons increase.Furthermore,

it wasfound that proton coupling is not the way to study Grotthusslike movement of protons

sincesuch e!ects would be washedout by more dominant e!ects such asrotational and trans-

lational movements of water. A better experiment to do would be to obtain H2O enriched

with 17O, hydrate melanin with it and search for coupling between protonsand 17O.

Also, it was found that the dielectric constant of melanin changes due to water in the envi-

ronment, thus causinga chemicalshift wit hin the spectra. This supports the theory proposed

by Rosenberg.

However, it is also clear that more data will have to be obtained sincethreedata points are

not enough to make reasonable quantative assessments.
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CHAPTER6

Conclusion

In this thesisa detailed study of melaninÕselectrical properties asa funct ion of water content

is presented. This includeswhat we believe to be the Þrst , comprehensive water adsorption

isotherm for CPMP which can be modeled according to a modiÞed BET model, which sug-

geststhat melanin has a high a#nit y for water and that there is only limit ed spacefor water

adsorption.

Furthermore, a full and extensive conductivit y isotherm has been presented which is quali-

tativ ely consistent wit h those reported by Giacomantonio and Jastrzebska et al. However,

the data obtained in our study was obtained under far more controlled conditions than eit her

Giacomantonio and Jastrzebska et al. achieved in their experiments. We believe, the conduc-

tivit y isotherm data in Chapter 4 maps out more accurately the water dependent electrical

behavior of melanin than anything previously presented.

This work wasmotivated by observations in the literatur eof a positivechargecarrier, which is

thought to be protonic. To this end,several experiments wereperformed to probe for protons,

such asan in depth IV mapping which has shown blocking phenomenaleading to ChildÕslaw

behaviour, which is consistent with protonic charge carriers.

Also, preliminary NMR studies are strongly indicativ e that we have mobile protons wit hin

hydrated melanin, wit h mobilit y increasingwith increasedwater content.

Furthermore, the conductivit y isothermswereanalysedin terms of percolation theory, which
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is postulated to be consistent with protonic conductivity. The data is complete enough to

extract a critical exponent which has moved beyond the MFT region to where it is highly

suggestive of 3D percolation.

The work presented may be comprehensive, but it hasraisedmany morequestionsconcerning

the electrical behaviour of melanin. Thesequestionsneedto be answered if we wish to fully

understandthe structure-property relationship within thesesystems. Thereforethe following

experiments are suggestedto further our knowledge of melanin:

1. Obtaining a desorption isotherm for CPMP may give an indication of the nature of the

pore structure within CPMP(42). To accomplishthis an adsorption isotherm up to 0.8

relative pressureshould be obtained, but without any drying in-between, and then a

desorption procedureshould follow which mirrors the adsorption procedure.

2. SAXS can also help determine the nature of the pore structure within melanin(56).

3. Di!erence in pellets geometry and preparation should be investigated. It is proposed

that conduct ivit y data for di! erent thicknesssamples, di!erently pressed samplesand

di!erently synthesisedsamplesshould be invest igated sincethe evidence in this thesis

suggest that all these factors are important .

4. The NMR data suggestedmoving protons. However, the study of 17O- 1H coupling

in NMR should be investigated. This may help determine whether anything like the

Grotthussmechanism within hydrated melanin is occurring.

5. Finally, but probably the most important consideration for conductivity of melanin, the

link between O2 in the atmosphere and increasedconductivity. Conductivity isotherms

should be performedwithin the presenceof O2 in the environment.
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APPENDIXA

Appendix

A. 1 A dsorpti on Dat a

A. 1.1 Exp eriment al Er rors in A dsorpt ion Isot her m

Temperature was monitored during the experiment. The Þnal value for temperature was

taken at 4 hours. The error in the temperature was taken as two times the standard devia-

tion (2std) of all the data taken during the 4 hours.

Pressure was monitored continously during the experiment. The Þnal value for the pressure

was taken at 4 hours and the error in the pressurewas taken as 2std.

The saturation pressureof water wasdeterminedby taking the Þnal temperature, and reading

the appropriate value from a saturation pressurecurve found in (57). The error in the satura-

tion pressurewasdetermined from the error in the temperature. The upper and lower bounds

for the temperature error was taken and the corresponding saturat ion pressuresdetermined.

The di!erences between these pressures and the actual saturation pressure was determined

and the result that gave the largest di!e rencewas taken as the error.

A. 1.2 Deter mini ng Weight Percent Gained in A dsorpti on Isot herm

The adsorption of water into melanin was expressed in weight percent gained. This was

calculated using wt(%) = (M " DM ) 100
D M , where wt(%) is the weight percent gained, M is

the massof hydrated melanin and DM is the dry mass of melanin.
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The error in the weight percent gainedis given by ! wt(%)
wt(%) =

0 (
! M +! D M

M ! D M

) 2
+

(
! D M
D M

) 2
, where

" denotes the error in the given quantit y. This quadrature form was usedsincethe results

wereobtained independently of one another and are therefore uncorrelated.

The number of molesof water, n! , can be related to wt(%) by n! = D M $ wt(%)
M H2O $ 100 whereM H2O

is the molecular weight of water. The associated error is ! nσ

nσ = 1
100

0 (
! D M
D M

) 2
+

(
! wt(%)
wt(%)

) 2
.

A. 1.3 BET Anal ysi s

The BET equation is an equation basedon an ideal system. Therefore, this equation is only

valid for certain areasof an adsorption isotherm, usually for relative pressuresranging from

0.05 to 0.3 (42; 43). Taking into account this limitat ion, equation 3.1 was applied using

a weighted linear regression program in Microsoft Excel to determine the values and errors

for the intercept c, and gradient m. Errors in the parameters Z and n!
m were found using

! Z
Z =

0 (
! m
m

) 2
+

(
! c
c

) 2
and ! nσ

m
nσ

m
=

0 (
! c
c

) 2
+

(
! Z
Z

) 2
respectively.

The speciÞcsurfaceareafor each samplewasthen calculated by SSA = nσ
mNAAH2O

D M , whereSSA

is the speciÞcsurfacearea, NA is AvogadroÕsnumber, AH2O is the area one water molecule

occupiesand DM is the dry massof the samplein grams. AH2O wastaken as 19ûA
2
(45). The

error in the speciÞc surfacearea was calculated using ! SSA
SSA =

0 (
! nσ

m
nσ

m

) 2
+

(
! D M
D M

) 2
, where

the error in NA is assumed to be negligible.

The error was calculated by !( ! E )
(! E ) =

* !
∆Z
Z

lnZ

" 2

+
(

! T
T

) 2
.

A. 2 Conduct ivi t y Data

A. 2.1 Er ror Ana lys is for Conduct iv it y

The Þnalrelativeerror for the conduct ivit y from Equation 4.4wasobtained by consideringthe

individual errors for the sizesof the contacts on the sample. According to van der Pauw(46),
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the errors are due to contacts being non-ideal. The Þrst error is

" &
&

=
l2

16D 2 ln 2
(A.1)

wherel is the distancethe contact spans around the circumferenceof the sampleand D is the

diameter of the sample. Keeping in mind that the thicknessbetween two contacts is 2 mm,

and the diameter of the sample is 12.7 mm, the value for the error for each contact from

equation A.1 is 4 %.

The seconderror is due to the size of the contact on top of the sampleand is given by

" &
&

=
m2

4D 2 ln 2
(A.2)

where m is the distancethe contact intrude from the edgeof the sample to the centre. For

each contact this error turns out to be 7 %.

Assuming these two errors are introducedindependently the error per contact becomes

" &
&

=

%&
&
'

#
l2

16D 2 ln 2

$ 2

+

#
m2

4D 2 ln 2

$ 2

(A.3)

by again employing quadrature. The total error is the quadrature sum of all four contacts,

and sincethesecontacts are all the same, the Þnal equation for the error is

" &
&

=

%&
&
&
' 4 !

,

-

#
l2

16D 2 ln 2

$ 2

+

#
m2

4D 2 ln 2

$ 2
.

/ (A.4)

which is equation 4.4 and has the value of 15 %.

A. 2.2 Er ror Ana lys is for Wat er Ads orb ed by Weight Percent

To calculate the error in the water adsorbed by weight percent, wt(%), the following relation,

the chain rule, for the uncertainty in an arbit rary function was used(58)

" p =

1

2

#
+p
+x1

" x1

$ 2

+ ... +

#
+p
+xn

" xn

$ 2
3

4

1/ 2

(A.5)
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where p is your arbit rary function, the xÕsare the variables of p and n is the number of

variables. Equation A.5 led to equation 4.5, and the partia l derivativesin equation 4.5equate

to

+wt%
+Z

= "
100 ! n!

g ! X (X " X 4) (1 " 4X 3 + 3X 4) Z

(1 " X ) (1 + X (Z " 1) " ZX 4)2

+
100 ! n!

g ! X (1 " 4X 3 + 3X 4)
(1 " X ) (1 + X (Z " 1) " ZX 4)

(A.6)

+wt%
+X

= "
100 ! n!

g ! ZX (1 " 4X 3 + 3X 4) (Z " 1 " 4ZX 3)

(1 " X ) (1 + X (Z " 1) " ZX 4)2

+
100 ! n!

g ! ZX (" 12X 2 + (12X 3))
(1 " X ) (1 + X (Z " 1) " ZX 4)

+
100 ! n!

g ! Z (1 " 4X 3 + 3X 4)
(1 " X ) (1 + X (Z " 1) " ZX 4)

+
100 ! n!

g ! ZX (1 " 4X 3 + 3X 4)

(1 " X )2 (1 + X (Z " 1) " ZX 4)
(A.7)

+wt%
+n!

g
=

ZX
1 " X

(1 " 4X 3 + 3X 4)
1 + X (Z " 1) " ZX 4

! 100. (A.8)

It shouldbenoted that thevariable %in the modiÞedBET equation (Chapter 3, Equation 3.4)

was assumedto be perfectly known and was taken as equal to a value of 3.
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