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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.



CHAPTER1

Introduction

Melanins are a class of functional bio-macramoleculesfound throughout nature(1) and posses
an intriguing and unique set of physical and chemical properties(2). In humans, they serve
asour primary photoprotectant and pigmert, and it has been recertly suggested that they
may be useful as high tech functional materials(3).

Interest in the electricd properties of the melanins started with the discovery of switch-
ing behaviour in their regstive properties by McGinnesset al.(4). They suggestedthat the
melanins might be semicanductors, however, recent studies(5; 6) indicate this view may not
be wholly accurae. The electrical behaviour of melanin is highly dependernt on its water
content. Moreover, the dominant charge carrier within melanin doesnot appea to be eec-
tronic but somethingelsewhich hasa positive charge. There is disagreemert about what this
positive charge carrier may be, but a recert proposalsuggestthat it may be protonic(6).
The purpose of this thesis is to investigate the nature of the positive charge carrier. Ul-
timately, becausemelaninOsdlectrical properties have been shown to be senétive to water
content, characterising the charge carrier becomesimportant if one wishesto build devices
sud as sensos basedon melanin. Additio nally, understanding the nature of the dominant
charge carrier is also crucial if we are to gain a more complete understanding of the funda-
mertal chemistry and physics of these systems

Studying melaninO®ledrical properties is notoriously di#cult requiring a diverserange of



skills and techniques. Therefore a multi-disciplinary approacd is needed which derivesinspi-
ration from both the beldsof chemistry and physics. Using chemical knowledge, interactions
betweenwater can be melanin are considered,and a badkground in physicsallows the study
of charge carriers.

In this chapter a review of the literat ure concerning the charge carrier of melaninis presented,
culminating in a hypothesis which suggeststhat melaninOsiominant charge carrier is depen-
dert on its water content. However, to start, a basic introduction is given concerningthe

structure and chemistry of meanin.

1.1 The Chemi stry of Melanin

In humansthere are two main typesof melanin, eumelaninthat consistsof brown-blad pig-
merts, and pheomelanin that is a yellow-red pigmert(7; 8). Most experimerts concerningthe
eledrical properties of melanin have been carried out on synthetic eumelanin, therefore, fol-
lowing in the footstepsof previous reseachers, this project will also usesynthetic eumelanin.

It shauld be noted that in this thesis OmelainOand Oeumelanindre used interchangeably
even though melanin coversa 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
HO é %
-

HO 2 .

Figure 1.1: The monome unit of eumelanin The squiggly linesindicate attachment to other
chromophoresand possble proteins. The R group can bean H (for DHI) or COOH (for DHICA).

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

thetic pathway known as melanaenesi€l; 7). The overdl molecular structure of eumelaiin



is consideredto be a heterogeneouschemially disordered substancederived from the indole
units DHICA and DHI. However, how the indole units crosslink or aggregde is unknown and

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

o o _COOH o CO(
| |/ ".:r{_[, ~. T" (0] HO._ ]/ N o W OO0H
HO™ P NH,  Tyrosinase J e NH,
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I T >—cooH——o ]
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Dopachrome Dihydroxyindole (DHI)
l (O]
HO.

. [O] .
P& /] H—CO0H —~  Melanin

5 6-Dihydroxyindole-2-carboxylic acid (DHICA)

Figure 1.2: The Raper-Mason scheme of melanin synthesisin vivo. The reaction involvesthe

oxidation of tyrosne to melanin intermediates DHI and DHICA, which then polymerizes into

melanin. Taken from Subianto et al.(10)
It has beenobseved that model systems for melanin are able to savenge reactive oxygen
species such as singlet oxygen(11) (*0,), hydroxyl radicals(12) (¥OH) and the superoxide
anion(12) (0,¥®). This hasleadto the belief that melanin may act as a free radical scavenger
and antioxidant(1) in vivo (Seealso a review by Hill(13)). This scavenging ability may be

dueto the numeraus redox active moieties on the indole units assume to be within melanin.

These moietiesmay be oxidixed as shown in Figure 1.3,

HO. O] HO. [O] @]
N ! N
| \ R — | \> T \ R
HO & H ‘o s ﬁ ) N
Fully Reduced Indole Semi Reduced Indole Fully oxidized Indole

Figure 1.3: The oxidation of indole hydroxy groupsto ketones.
Melanin hasa persistert ESR signal, which indicatesthe presnceof free radicalscertres
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which are exceptionally stable within the bio-macromolecule(8). The formation of these
radicals in melanaeness, and also synthetic methods, is accompanied by hydrogen peraxide
production. Furthermore, the formation of melanin consumesO,. From these obsevations
it hasbeensuggestedthat melanin may form accoding to the following reaction mechanism

(Seereview by Blois(7))

HO" #" OH+ 0O, "$ HO" #" O*+ Of+ H*

208+ 2HY "$ H,0,+ O, (1.1)

whereHO" #" OH represetts afully reducedindole unit. The reduction of molecular oxygen
(in its ground state) proceeds- because of spin restriction - in univalent freeradical stepg15).
These reactions form hydrogen peraxide, asrequired, and activates the indole units for the
formation of meanin. Furthermore, the reaction shaved in Equation 1.1 also demonstrdes
how the Pnalredox active moieties wit hin melanin may be oxidized asshown in Figure 1.3. It
may also explain the chemicaldisorder of melanin since free radical mechanismsdonOimpose
a great deal of cortrol during reactions(7). The presenceof free radicals in the bnal product
is most likely due to indole units that have beenactivated but are unable to react, which is
very much like the presnceof free radicalsin a classcal polymer.

The freeradicalsthat are left behind within in the Pnal melanin matrix are stabilized by:
HO" #" OH+O=#=0 { 20 =#=0"+2H" (1.2)

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

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

demonstraed by Froncisz et al.(17) who shoved usng EPR that there is 1 free radical in

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

The above chemistry may alsoexplain why melanin conductselectrons. Freeradicals,because

6



they are unpaired eledrons, will be easier to move using an external eledrical beld.

1.2 Evidence for Charge Transport

Many techniquescan be usedto demamstrate the sign of the dominant charge carrier of a
material. However, to demonstiate that protons are the dominant charge carriers specibcally
is di#cult( 18; 19). The following critical phenomenaare consideredessetial to indicate

protons asthe dominant charge carrier:

1. Decg in current over time under constant voltage(19. This is obsened while conduct-
ing current-voltage (1V) measuremets.

2. Ohmic to ChildOdaw dependence of the voltage on current, | % V" wheren > 1(19).
This should alsobe seenin IV measurements.

3. Transfeencenumber measuremets (coulometric studies) can determinethe perceriage
of the current passingthrough a sample that is protonic(19; 20). Gassesewlved in the
reaction are compaed to theoretical predidions as given by FaradayOsquivalencelaw

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

4. The sign of the Hall voltage must be positive(19). This canbe determinedby Hall e'ect

measuremets.

5. The thermoelectric voltage should be positive(19). This can be determinedfrom ther-
moelectric measuremants (Seeledk elect).
6. Line narrowing in *H NMR peaks with increased water cortent(20). The phenomena

can be probed using solid state NMR.

7. The enggy gain or lossin a material after inelastic neutron scattering. This provides

information on the energ levelsof the hydrogenbondedsystemsin the material (19; 20).



1.3 Melanin, the Conducto r

McGinnesset al.(4) found electrical resistanceswitching behaviour within melanin, which
is similar to that of amarphous inorganic semiconductes, suggesting that meanin can be
thought of as an amorphous organic semicanductor. They and Baraldi et al.(21) found con-
ductivities of 10 > Scm' * and 10 2 Scm' * respectively, which is a dilerence of seven orders
of magnitude. Both studiesfound that lossof water dramatically changedthe electrical prop-
erties of melanin. Howewer, they did not report humidity levels. The dilerent values for
the conductvities obtained are most likely due to dile ring water cortent in their respective
samples.

Baraldi et al. and Bridelli et al.(22) found evidencefor two typesof water in meanin: Ostruc-
turalOwater, probably within the structure of melanin; and OpisicalOwater, probably on the
surfaceof melanin. Bridelli et al. alsofound that water is a major factor in the electrical
properties of melanin.

Hall voltage measurements by Trukhan et al.(23) indicated that the charge carrier in melanin
was positive. However, onceagan no hydration levels were recorded. It is most likely that
the experimerts were performed at ambient conditions; possiblyindicating waterOsole in the
result. They suggestedthat the charge cariers were holesbut concededthat protons were
alsoa likely interpretation.

Coulometric studiesby Powell et al.(24) suggestedthat synthetic melanin carried chargesthat
were 65% protonic and 35% electronic over a hydration range of 12%to 35% weight gained
in water.

Seeled el ect studies suggesteda dile rent dominant charge carrier at low hydration. Per-
formed under vacuum by Osak et al.(25), thermoelectric tests gave negdiv e thermoelectric

voltages suggestinga negatve charge carrier. However, they found a ChildOdaw dependence



on the voltage at high voltages,and they also observed decg in current with applied volt-
age. Both these elects indicate ionic carriers. Due to the thermoelectric measuremets, they
tried to explain the conductivity of melanin in terms of conformaional changesin meaninOs
structure, which allows the electronsto hop more frequently. Water was never consideaed to
play a role in the conductivity of melanin by Osak et al. Giacomantonio(6) explained the
results by suggesting that electrons dominate at low water content. Howewer, some water is
still present indicating the presenceof protons, but in a minor capacity.

Further studiesby Strzeleka(26; 27) invedigated the supposed semiconducto properties of
both natural and syrthetic eumelanin. In these studies hydration levels of melanin were
alsonot reported. It was implied that the dominant charge carrier was a positively charged
hole(27). ChildOdaw dependenceon the currernt( 26) was also observed.

In 19%, Jastrzebsla et al.(5) attempted to map out the DC conductivity of melanin sys-
tematically as a function of hydration. They assumedthat the hydration of meanin was
proportional to relative humidity (RH). For this reason,they used various sdt solutions to

cortrol the RH over a range of values. Figure 1.4 shows the results obtained. They suggested

Conductivity (Sfcm)

o 20 40 B0 &0 100
Relative Humidity (%)

Figure 1.4: The conductivity of melanin asa function of RH at 298K, by Jadr zebsla et al.(5).
Note that the y-axisis a log scale.

that at low hydration the main charge carriers were eledrons, but at higher hydration levels



the carriers were positively charged polarons'.
Giacomantonio(6) extendedthe work done by Jastrzebsa et al., also employing salt solutions

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

a) 10 b)10
Fé'\ 10 ~ ﬁ 10 — =+
9 .
B 1o = i 10 3
=
= e e
"g 10 : . 10 )
] §— 5— i—-f-—- ¥ g w3
c | i P, R 7
& 10 B - 10 3 g
¥ T .
m-l-:u; ; : : 107" . L . . " ! !
-20 0 20 40 60 &0 100 -5 0 5 10 15 20 25 30
Relative Humidity (RH%) Weight percent water (%)

Figure 1.5: a) Theconductivity of melanin asafunction of RH at 24+ 2#C. b) The conductivit y
plotted as a function of wt(%). Note the btted curvesto the data, these are predicted by the
mixed conduction hypothesis (Sedion 1.4). Note that the y-axis is a log sale. Taken from
Giacomartonio(6) and modibed.

Overall the conductivities obtained by Giacomantonio were higher than those found by
Jastrzebsla et al. This was most likely due to dightly dilering experimertal setups. Jas-
trzebsla et al. useda sandwid electrode setup and waited 1 hour for equilibrium. This
did not leave a lot of surface area exposedto the ervironment and the one-hourwait did
not necessaily allow the bulk of the samplesto read equlibrium with the RH. In contrast,
Giacomantonio used the van der Pauw setup(28), which allowed more surface areafor water
adsaption. Further, more time for the samplesto equilibriat e with the surroundings was
allowed.

An assumption madeby Jastrzebsla et al. wasthat theamourt 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

IPolarons are quas-particles made up of electrons and crystal lattice distortions, which are induced by the
electri cal beld of the eledron. Positive polarons are related to holes
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against water adsorbed by weight percen (wt(%)) of powdered melanin(6; 24). Therefore,
Giacomantonio rebtted her data so as to obtain a plot of wt(%) against conductivity (Fig-
ure 1.5b).

Giacomantonio postulated that her results and the literature indicated that melanin is a
mixed conducta, instead of a semiconducte. At low water content electrans are the domi-
nant charge carrier and at high water content protons would dominate. She suggestedthat
the behaviour of the conductivity at low water cortert canbe modelledby an Arrheniustype
equaton and at high water cortent that a percolaion picture, usingthe Grotth ussmechanism
can be employed. This hypothess is discus&d below.

1.4 The Mixed Conducto r Hyp othesis

1.4.1 Amorphous Semi-Conducti on Theory

In an amorphous subdance, electrors conduct via hopping (Figure 1.6) from one localized

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

state to anaher(29; 30). These localized states can be individual atoms, moleaules, or re-
gions within a substance. The conductivity of amorphous semiconductos usually follows the

Arrhenius equation
|

& = &exp

Ea
ke T

(1.3)

where & is the conductivity, & is a constart of the material, kg is BoltzmannOsonstant, T
is temperature and E is the average activation energyneededto elect conductivity.
A theory developed by Roserberg(24; 30, 31) accourted for the changein the conductivity of
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a bio-macromoleculedue to its environment (e.g. water)

# (En " )$
= _Ea_ ©
& = &pexp T (1.4)
where e ‘1. 1
"7 %R 5 8§,

wheree is the fundamertal charge, ", is the permittivit y of free space, $ is the dielectric
constant of the ervironmert (e.g. water), $,, is the modiPed dieledric constant of the bio-
macramoleculedue to polarization elects from the ervironmert, and R is the cavity radius
of the charged region.
In a dry ervironment, $, = $, normal Arrhenius behaviour (Equation 1.3) is expected.
However, when water is introduced, the ¢ term becomesimportant and start to lower the
activation energy neededto alect conductvity. As more water is introduced, the iw term
beawmesnegligbly small, therefare the conductivity readesa saturated value(24; 32, 30; 31).
Essrtially the presene of water increasesthe dielectric constart of melanin, making it easier
for electrans to conduct. This theory was suggestedio be consistent with the brst part of
GiacomantonioOsesults (Figure 1.5b)(6).
The source of electrons for conduction in melanin is most likely from free radica electrons

trapped within melanins@tructure (Section 1.1).

1.4.2 Percolation Theory and Proton Conducti on

Consideran eledrical network sud asin Figure 1.7a. Each strand is either intact (conduct-
ing) or cut (insulating). The network has a voltage applied accrosit. It has been shovn
theoretically and experimenrtally that the conductivity of sud a network, as a function of the
probability p of a strand being connected,has the form of the graph in Figure 1.7b (33).
Percoldion theory explans the relation betweenthe conductivity and p. Below some critical
probability p., known asthe percoldion threshdd, there is no conduction asthere is no con-
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Figure 1.7: a) A random electrical network. b) The conductivity of the network as a function
of probability p of a strand being conneded. Taken from Deutscher (33) and modibed.

tinuous electrical path connectingthe ends. At p, long-range conductivity suddenlyoccursas
a cortinuous path is found. Past p;, more pathways are found and the conductivity increases

rapidly. The percdated conductivity can be described, both in 2 and 3 dimensionshy

& = &(p" p)* (1.5)

wherep is a critical exponert and is equd to 1.3in a 2D systemand 2.0in a 3D system(34).
This model though doesnot explain the mechanism of conduction, only the relation between
the conductive elamerts are considered. It is a macrascopic picture of matter, sooneis at
liberty to chosethe microscopicmedanism as long as its consigent with the percdation
model(6). It was assumedby Giacomantonio that the H,O moleculeis the conductive ele
mert, andoguesto a strand in a network, and through adsorption onto melanin resde on an
arbitrary site(6) within melanin with probability p. The charge carrier that would conduct
is the proton since all the phenomenadescibed in the literature are consiste with proton
conduction and water is known not to conduct electrons but protons.

For protons to conduct through percolaion would require the Grotth uss mechanism of pro-
ton conduction(9; 35; 36; 37). This mechanism requiresa hydrogenbondednetwork in which
H* are transferedfrom one H,O moleculeto anather, followed by reoriertation. This med-
anismis for long range ordered networks of water, and should not be confusedwith certre of
massdi! usion (vehiclemedanism(9 36; 37)).
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Protons for conduction purposes would be obtained by the dissaiation of H* from the
OH groups on the melanin indole units into the adsobed water. Disscciation would be
determined by the pKa of the OH maoieties and the extent of conductivity determined by
the concertration of disscciated H* (6).

With this percolaing model in mind Giacomantonio suggestedthat her results at high water
content could be explained by percdation (Figure 1.5).

There are two problemswith the theory put forward by Giacomantonio. The Prst is that
upon btting the percolaion plot to her high hydration results, she determined a the critical
exponert for Equation 1.5to be 11+ 1. This valueis much higher than the theoreticd reaults
of 1.3 and 2.0 in 2 and 3 dimensions respectively. Giacamantonio tried to explan the result
by stating that percolaton theory assumeghat site elemerts donOtinteract with one another,
and sincewater interacts with itself strongy and with the melanin matrix, onemay expect a
larger exponert(6).

The seond problem with GiacamantonioOsheory a decrease in her data near what appeas
to be the percolaton threshold (Figure 1.5). It wassuggestedhat this wasdueto a possible
interaction betweenthe competing eledronic and percolation mechanisms proposed(6).
Onefurther thing Giacamantonio noticedwasthat, upon performing Thermogravimetric anal-
ysis on hydrated melanin, the water content of melanin measuredwas at odds with 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. wasfor powdered melanin and Giacomantonio used

pellet and PIm samples.

1.5 Aims of This Study

In the lit erature there is a lot of tantilzing evidenceto suggestthat melann is a mixed con-

ductor. There is no debate about eledrons dominating at low water cortert, but there is
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disageement betweenauthors on the nature of the charge carrier at high water cortent.

The brststepto understanding melaninOwater dependert electrical behaviour requiresknowl-
edgeof how much water cortent is within melaninOstructure. This can be determinedwith
an adsorption isatherm. To date the only isotherm available is the one by Powell et al.(24)
wherethey usedpowder melanin, which is a usdessmorphology for invedigating the electrical
properties of melanin. In this thesisa new adsorption isotherm for melanin as a function of
water is shavn, but where the melanin sampleis a condensd phase pellet. The intricate
experimertal setup and the results obtained from it are shovn in Chapter 3.

The next stepin understanding the electricd properties of melanin is to map out the conduc-
tivit y isotherm of melanin as a function of water cortent. Researbeshave now spert sewera
decadedrying to determinethe charge carrier within melanin but only two groups, Jastrzeb-
ska et al. and Giacomantonio have mappedout the overall conductive behaviour. Both groups
usedsalt solutions to control water cortent in the air. This is cumbersomemethod which
doesnot eliminate the atmosphere,which includesthe reactive chemical entity O,. Oxygen
may have a signibcant impact on the conductivity of melanindueto its ability to producefree
radicals (Sedion 1.1). In Chapter 4, a new and extensive methodology is demanstrated from
which several conductivity isotherms were obtained. Theseresults are rigorously anadysedin
terms of percdation theory, which no one has seriously attempted before.

There are many more experimerts that can be conductedto investigae 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 within melanin using NMR.
This kind of study on the dynamicsof the protons wit hin melanin systemshas not been done

before. The resultsis shovn in Chapter 5.
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CHAPTERZ

Melanin Fabrication

As hasbeenmertioned in Chapter 1, Sectin 1.1, in this project synthetic analoguesto nat-
ural melanin were used for invegdigating the electrical behaviour of melanin. Two synthetic
methods were used: the prst is through electrochemical polymerization of 3,4-dihydroxy-
pherylalanine (dopa), which produces free standing bIms; the secord method is through
auto-axidation of dopa

The samgdes produced were then conbPrmedto be melanin using UV-Vis spectrometry and
FTIR spectrometry. Melanin is insduble in organic solvents, and only sparingy soluble
in alkaline sdutions(7), which makes characterization of the substance through the usud
techniquesimpossible Fortunately, melanin is known to have a broad band monotonic ab-
sorbance within the UV-Vis spectrum, which is certainly unique to an organic chromophare

and is therefore a debnite marker.

2.1 Metho dology of M elanin Fabri cati on

2.1.1 Melanin Synthesis

Melanin was synthesizedthrough electro-polymerization of dI-dopa according to the method-
ology asde<ribed by Subiarto et al.(10). The dl-dopa was obtained from Sigma-Aldrich and
usedasrecaved. Initia lly sdutions of 50" 80 mM of dl-dopain sodium tetraborate bu'er (0.1
M, pH 9) were prepared. Current was passedbetweentwo eledrodesthrough 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 sdution 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 bPIm of bladk substance on the ITO glasswas obtained. The bPIm was scraped o! badk
into the black solution using a scalpel blade. The solution was then brought to pH 2 using
concettrated hydrochloric acid to precipitate completely the product. The solution was cen-
trifuged 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 appeaance of crushedobsidian.

Auto-oxidized melanin was produced acoording to the method descrited 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 sdution was added to bring the solution to pH 8. Air wasthen bubbled through
the dl-dopa solution for 3 days. During the 3 days, ammaia was periodically added to keep
the sdution at pH 8. The solution was then brought to pH 2 using 1 M hydrochloric acid
which produceda black precipitate, which wasthen blteredand washedwith deionizedwater.
The bltrate was dried in an oven at 80 #C and the powder with the appearance of crushed

obsidian was obtained.

2.1.2 Analysis - Conbrmation of the Production of M elanin

The production of melanin by these standard methods was conbrmedby UV-Vis and FTIR
spectroscoyy, ensuring that the characteristic markers of melanin were preseit.

UV-Vis spectrometry was done using a Varian built Cary 300 Bio spectrometer versian 9
which had Scan Software version 3.00. Baselinecorrections were obtained using a silica cell

with a pathlength of 1 cm containing an ammoniasdution (pH 8) and sanned over a range
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of 220" 800 nm with a scan rate of 600 nm min' !, with data intervals at 1 nm and with a
beam source change over at 350 nm. The UV-Vis spectrometerOsSBW was 2 nm. A smadl
amaunt of dried powder melanin sampleswerethen ground and dissdved in pH 8 ammanium
solution. The solution was then bltered to get rid of insduble fractions. Afterwards, the
pltered solution was diluted to a concertration such that the maximum absabance was not
more than 5, and placedwithin the sametype of silica cell used for baselinecorecions. The
melanin solution wasthen scanned with the same parametersas for the baselinecorrections.
ATR-FTIR spectroscopy was conductedwith a Perkin-Elmer built FTIR spectrometer, spec-
trum 2000 using Spectrum software versicn 2.00 The spectrometer had a DuraSamplelR
[l sample holder built by Smiths, which is usedfor ATR-FTIR spectrometry. The sample
holder has a plungerto secure samplecontact to a diamond window. To obtain a badkground
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' ! was then
scanned8 times at a resolution of 8 and data point intervals of 1 cm' 1. Both J and B stops
were Pxed. To obtain the actual spectrum, melanin powder was ground into a Pne powder.
Enough powder to cover the diamond window was then placed ontop of the window. The
plunger then seaired the sampleto the window with a prese anvil presaire. A rangeof 4000

to 550 cm' * wasthen scanred with same parametersas before.

2.1.3 Fabricat ing Condensed Phase Melanin Pellets

From the synthessedmelanin powders,approx. 200 mg of powder was placedwithin a custom
made pressheadwith a diameter 12.7 mm. This was placed within a hand press capable of
pressingup to 10 t (approx. 770 MPa). Initially, enaugh pressurewas applied so that the
pressuremeter just moved o! the zeropoint. Vacuumpumping wasthen applied to getrid of

any redgdual water and air. After 1 min the pressaire was increased in incremens of 1t every
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15sfor 1 min. The pressurewas 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 bladk.

2.2 Spectr oscopic Analy sis Results

2.2.1 UV-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

Absorbance

i i i I i i i i
250 300 350 400 450 500 550 600 650 700 750 800

Wavelength [nm]

0 I I I I

Figure 2.1: The blue data is a characteristic spectrum for the absorbance of melanin in the
UV-Vis spedrum. The red line is a simple exponertial bt to the UV-Vis data.

broad-bandmonotonic absorbance, characteristic of melanin(39; 40). This type of absoibance
is highly atypical of organic chromophores, which normally contain peaks corresponding to

transitions betweeneledronic stateg(39). The spectrum is so simple that an exponential bt

to this particular Pguregave a ! 2 value of 0.9988 using A = 13.333¢' %9%% where A is the

absabanceand * is the wavelengthin nanometrs.

The spectrum in Figure 2.1 is sud a unique feaure to melaninthat it providesgood evidence

that melanin has beensynthesised.
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2.2.2 ATR-FT IR Spectra

A characteristic FTIR spectrum of syrnthesisedmeéanin canbe seenin Figure 2.2 The various
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Figure 2.2: The FTIR spedrum of melanin powder over a range of 4000" 500cm' 1. Peak as
signment canbe seen, but note, other potential OH peaks are washedout by the broad H,O peak.

broad feaures have beenassigned and are in good agreemern with various lit erature results
cited in a review by Bilinska(41). The spectrum shows a hygroscopic aromatic subgance

cortaining carbonyl units, which is characteristic of melanin.

2.2.3 Other Observations

Accordingto Giacamantonio(6), the two synthetic methods usedproduce samplesof di! erert
morphology. When subjected to high pressuresn a press,pressuresintering occurs and the
melanin samplesstart to Bow and reform. The morphology one obtains for pellets therefore
appear to be the same, whether or not the starting morphdogy was dilerent(6).

Also, it wasnoticed using the auto-axidized method produced far more melanin compaed to
the electro-polymerized method. Due to time constraints, most samples used in this project
were obtained via the auto-axidation method.

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

melanin using spectroswmpy.
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CHAPTERS

Adsorption Isotherm

The preferredmorphology for investigating electrical behaviour of melaninis CPMP samples.
As was mertioned 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
adsaption isatherm, with an extensive experimertal procedure,is shavn for the relevant,

pellee morphology. It shauld be noted that this is the brst of it Okind to be reported.

3.1 Metho dology of Adsorpt ion Experiment

3.1.1 Equi pment

The determination of the adsoption behaviour of CPMP certred on the use of a vacuum
microbalance. Figure 3.1 shows the ertire apparatus that was usedin the experimert. It
consistsof a Cl, Electronics Ltd. vacuum microbalance with an MK 2 vacuum head, in which
the CPMP werelaid. The balanceis connectedto an externa Cl STABAL control unit where
eledronic signals were processednto a value for the massand sen to a computer where the
valuesare displayed. The microbaanceunit is also connectedby a vacuumline to a di! usion
and rotary vacuum pump setup.

Melanin is extremdy hygroscopic, which led to sudden large pressure drops in the system,
resulting in presare instability. In an attempt to keepthe pressurerelatively constant, the
volume of the systemwas increasedby attaching bulbs C and D (Figure 3.1).

Water was introducedinto the systemfrom a water Bask. The water was subjected to three
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Figure 3.1: Schematic of the equpment useal 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 (Approx. 1L), D) Empty chamber 2 (Approx. 4L), E) Cold trap 1, F) Cold
trap 2, G) Baratron Gauge, H) Penning Gauge

freez-thaw cyclesthat ensuredthat no dissoled gaseswereleft in the water.

A MKS Baratron pressure transducer,which has a rangeof 0" 1000 mbar, was employed to
measurethe water vapour presaire in the system. A Penning Gauge was usedto monitor the
pressurein the systemduring evacuation. This enabledcheding for possibleleaks.

Outside temperature was monitored by a thermometerthat sat above the microbaance. The
temperature was not controlled in the vacuum line, but becausethe equipmen was located
in an air-conditioned laboratory the outside temperature remainedat 22+ 2 #C.

Melanin powder was preparedfrom eledro-polymerizaion of dl-dopa. The powder was then
pressel at 770 MPa (Chapter 2) to form a CPMP. The pellet was then loaded into the

microbalance.
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3.1.2 Adsorption and Desorption Data Acquisition

Desorpton data for the pellets were obtained by evacuating the systemfor at least 10 hours,
while the change in masswas monitor ed.

To obtain the adsaption data, the systemwasisolated from the vacuum pumpsimmediately
after the desaption 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 waslet in up to the desired
pressurelevel. The systemwas then allowed to equilibrate for the next 3.5 hours, while the
change in mass was monitored with the microbaance. Afterwards, the meanin wasdried by
pumping for 1 hour and then wetted again with the same procedure,but at a dilerent vapour
pressure.

The whole procedure above wasthen repeated sewerd times to obtain enoudh data to obtain

a full adsorption isotherm.

3.2 Results for Adsorption Isot herm

3.2.1 Desorption Data

Sometypical desorption data of the massof melaninis shovn in Figure 3.2 As canbeseenthe
desorption data is a cortinuouscurve to which it is possible to bt an equédion. The eguation
is then ewvaluated in the thermodynamic limit (time $ &) since adsorption isatherms are
only valid at thermodynamic equilibrium. This evaluated equaion determinedthe dry mass
of CPMP, DM L.

Multiple desoption experiments were performed on a sinde pellet and the DM for eah
experimert determined. From thesereaults a mean value for DM was obtained, with an

asseiated error, which wastaken as 2 times the standard deviation from the mean.

LAll masseswere calculated in grams.
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Figure 3.2: The typical desorption curve obsaved for CPMP pumped under vacuum. Time
between each data point is 10 sec. The generic equation that ptted these graphs is displayed,
where y is the mass,t is time and a, b,c are positive constarts and d is a negative constart.
The constarts dile red between data sets. The evaluation of the equation in the thermodynamic
limit is also shawvn.

3.2.2 Adsorption Data

Typical adsaption data canbe seenin Figure 3.3. The data alsorepresen a cortinuouscurve,
to which an equaion wasalsobtted. 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 wastaken at a di'e rent
water vapour pressure.Errors were assignedto the results by taking the dilerence between
the massat 4 hours and the mass in the thermodynamic limit M.

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

3.2.3 BET Analysis
Adsorption data for two pellets were obtained, with the pPnd isotherm data shovn in Fig-

ure 3.4. The data were then andysed usingthe BET equaion(42) to obtain surfaceareaand
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Figure 3.3: The typical adsorption behaviour observed for CPMP for any given water vapour
presaure. Time betweenead data point is 10 sec The equation displayed is the generic equation
that pbtted thesegraphs, wherey is the mass t is time and a, b,c, d are positive constarts. The
evaluation in the thermodynamic limit is also shown.

erthalpy of adsorpton. The BET equaton in linear form is given by

P B 1 Z" 1P

I " - I + I (31)
n'(P9" P) Zn,, Zn}, PO

wheren' = w is the number of moles of adsorbae (i.e. water)?, n;, is the number of
moles of adsoibate required to give mondayer coverage, P is the vapour pressure of water,
P9 is the saturation vapour pressureof water and Z # exp[(" E)/R T]. " E is the erthalpy of
adsaption. The BET equation is meant for an ideal system. T herefore, Barnes& Gertle(42)
and Adamson(43) recanmend that Equation 3.1 be used on data that rangesfrom 0.05 to
0.3 relativ e pressure,since data within this range for most systemsbehave in an ideal way.
This reconmendation was followed in a plot of m vs &5 (Figure 3.5) from which the
gradiert and intercept were determined. These were then usedto determine the unknown

parametersZ and n! . From Z and n;, the valuesfor " E, specibcsurfaceareaand specibc

mondayer coverage of CPMP were calculatedand can be sea in Table 3.1

2M 4,0 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 with a saturation
presaure of 26.4+ 0.9 mbar. The results for pellet 2 were obtained at 22.0+ 0.6 *C with a
saturation presaure of 25.2+ 0.9 mbar. Results were btted to equation 3.4. The parameter ! is
indicated on the graph.

Pellet 1 Pellet 2
SSA (m? g 1) | 540+ 160 560+ 200
ny (mol g') | (47+ 14)! 103 |49+ 17)! 103
"E (I mol't) | 7760+ 530 8470+ 640

Table 3.1: The Specibc surface area, SSA, spedbc monolayer coverage, n!g, and energy of
adsorption, " E, for CPMP. Reallts were obtained from the gradients and intercepts of the
plots in Figure 3.5 using Equation 3.1.

The error in the relative pressure was found using

00 N
1] X él n P 2 " PO¢2
~ - P T po (3.2)
X P po
whereX = Z; is therelative pressure. The error in nc,(PPiO!P) was found using
( ) % § _ " s
Q@zé!“’f"“’ . PP (3.3)
P P n' po" p . .

ne (POl P)

The errors in the gradient and the intercept were found using a multiple linear regression
program.
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Blue data: Pellet 1, Gradient 1085 +/- 71 mol'1, Intercept 49 +/- 10
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Figure 3.5: Plot of the adsorption data using Equation 3.1. Values for the gradient and
intercepts are shavn. Data points were taken from a range of 0.05 to 0.3 relative pressure as
recommended by Barnes & Gertle(42) and Adamson(43).
One of the assumptions in the BET equation is that an inPnite number of mondayers is

possiblefor adsorption. This assumptia is not necessaily accurate for complex solids. To

take into accoun a bnite number of layers,the BET equation can be modibedto

no_ o ZX 1" (% DX+ uK 3.4)
N~ 1" X1+ (Z" DX " ZX$1 '

where %is the number of monolayers possble(42). Equation 3.4 was used as the theoretical
bt to the Pnd adsoption data in Figure 3.4. From the ptted curvesit 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 adsab onto CPMP.

Errors for wt(%) = ML2MISI0 “for each data point were assignedusing
" wi(% '"M+"DM 2 ""DM 2
“wiy | TMETOM T oM a5
wt(%) M " DM DM
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3.3 Discussion of Adsorpti on Isotherm

3.3.1 Adsorption and Desorption

It is clear from the adsaption data that after 4 hoursa reasondle amaount of time has passed
in order to analysis the data®, becauseat 4 hours the data is already deepinto its asymptotic
region.

The desorpion data was not as clear sinceit appears that it may still continue to decrease
signibcanly. But by performing multiple experimerts, it was noticed that DM changed very
little. This justiPesthe data analysis and the amourt of time allowed to equilibrate.

From the desorpion data it can be seenthat drying melanin is di#cult and alsothat water

hasa very high a#nit y for melanin.

3.3.2 BET Analysis

As can be seenfrom Figure 3.4 the water initially adsorbsstrongly onto melanin to form the
brst monolayer, indicated by the OkeeO(&; 43) in the graph. Then a Rattening of the curve
occurs, which can be modeled by Equation 3.4. The experimert 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 bt the data in Figure 3.4, therefore necesk ating
the useof the modiPed BET equaion, Equation 3.4 asthe theoretical bt to the data. Fur-
thermore Equation 3.4 is a more realistic picture of what is happening molecularly, sinceit
implies that one canOtadsorban inbnite number of monolayers within a sample.

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

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

3The adsorption proble seen Figure 3.3 shows that the major part of the adsorgtion occurred in the prst
1.5 hours followed by a Rattening of the curve. This behaviour was seen for all the dile rent water vapour
presaures employed, even for the high vapour pressures.
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Z around 301. This leadsto a" E of approx. 3500 J mal' 1. Eventhough powderedmelanin
is not CPMP, onewould expect powdersto adsorbmore readily. But the very dilerent 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, asthe cdculations
were basedon water being a non-interacting adsoibent, which is inaccurae. Overdl one
can sg that the numbers indicate that water hasa high a#nit y for melanin as compaed to
nitrogen. This is most likely due to polar interactions between the water moleculesand the
polar moietiesin melanin, and is exactly as one would expect.

The spedbc surfacearea valuesin Table 3.1 were calculaed by assuming a surface area of
19 A%(45). This meansa radius of 2.46 & if one assumesa perfed circle. However, in liquid
water, if one assumesthe moleculesto be perfectspheresone obtains a radius of 1.93A. This
indicates that water is capableof very e# cient packing, which the lit erature result seens to
downplay. The value of # 500 m? g thus represems an upper bound on the surface area of

melanin.

3.3.3 Comparison with Liter ature

Compaing the current isatherms with thoseof Powell et al. in Figure 3.6, it can be sea that
PowellOslata shav greaer absolute adsorbance. This is easilyexplained sincethe surfacearea
of powderedmelaninis greater thanthat for the CPMP. This greater surface areaallows more
spacefor water adsorption, resulting in a greater increasein wt(%). The greater surfacearea
alsoexplainsthe delayed OkneeO¢4®) in the lit erature curve. This Okneedcurs around 0.3
relative pressureand indicates the formation of the brst monolayer*. In cortr ast the results
for the pellet samplesuggest a knee occurring around 0.1, indicating a smallertotal surface

area.

40One hasto keepin mind that these observations are all qualitativ e obsevations and not quantative.
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Figure 3.6: Comparing the results obtained from experimert 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 modibed.

Another obsenation is that Powell et al.Ossotherm is a classictype 2 isatherm, whereasthe
isothermsfor CPMP is not. Again it is morphology that makesthe dile rence. For powdered
melanin there is more space for water to form a possble Oinbnite@umber of mondayers.
In contrast the condensedphase melanin pellet has far less spaceand thus only up to 4
mondayers may be possible.

However, quantative compaisons are not possible becausePowell et al. did not included
their own analysis of the data. There is no bt to any theory, rather it seemsthat a line of
beg bt was hand drawn. Moreover, no error andysis is apparent, making it even harder to
compae results. At best the data produced by Powell et al. should be usedfor qualitative

compaisons.
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3.3.4 Other Observations

It hasbeendemonstraed that there are two typesof water in meanin(6; 21; 22), water bound
intrinsically with melanin (structural water), and water adsorbed unto the surfacethrough
physical interactions (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 considerdions the experiment

descibed above and reaults calculaed largely concernsphysical water.

3.4 Conclusions for Adsorpt ion Isot herm

A brst complete and detialed adsorption isotherm of CPMP is preserted, which can be btted
to a modiPedBET equaion. Quantiti es cdculated 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 isatherm wasdile rent to the published
powder isotherm becuse of di'lerent morphadogies.

This adsaption isothermis critical for full analysisof the conductivity data preserted in the

next chapter.
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CHAPTER4

Conductivity Measurements

As stated in Chapter 1, Sectin 1.5, there are no reports of the full mapping of the water
dependert conductive behaviour of melanin, from which the surrounding atmospherehas been
eliminated. Therefore, in this chapter a new experimental setup is introducedto fully map

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

4.1 Experimental for Conduct ivity Isotherm

4.1.1 Pellet Sample Preparation for Conducti vity

CPMP sampleswereprepared from auto-oxidised dl-dopa (Chapter 2) and pressel at 770MPa
and 400 MPa. Pellets were cortacted by evaporating gold, using a thermal deposition unit
(Dynavac, High vacuum system), thr ough a cusom made shadow mask onto the pellets. The
evaporativ e conditions were: 20 V, 18 A current through a tungsten basket containing the
gad. Evaporations from the basket to the samplesweredone at a distance of apprax. 10cm
for 3 min. The cortact pattern geometry was sdected according to a van der Pauw!(vdP)
conbgiration (Figure 4.1), leaving 2 mm of bare melanin betweentwo adjacen gold cortacts
asthe OativeCarea

Copperwireswerethen gluedon top of the gdd contactswith the useof conductive epoxy glue.

Carewastakento ensurethat the ertir e area coveredby the gold was covered by conductive

1This conbguration allows one to expose a larger surface area for water adsorption as comparedto the
sandwich sg¢up employed by Jagr zebsla et al..
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epoxy sincethe gdd cortacts by themsdvesdid not yield discernibleconductivities. This is

most probably dueto the gold PIm beingtoo thin to be OprcdatingQOin the traditional sense
sinceit was deposited on a rough surface.

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

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

down unto the PVC plate. The Araldite wasusedto ensurethat the cortacts on the pellets

didnOtcomeloose during the experimert. PVC was usedto ensurea minimum of degassing

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

in Figure 4.1. It should be noted that one of the advantagesof usingthe vdP conbgiration is

Top view Side view

4——— Copperwire

Araldite glue

v

. . A
2 mm wide bare melanin

between contacts

| e

Melanin pellet contacted with Conductive epoxy

PVC plate

. Hole drilled into PVC plate

Bottom view

Figure 4.1. Sdematic of melanin pellets prepared for conductivity experiments. Melanin is
contacted acoording to the vdP conbguation and then mounted for stability. The hole in the
PVC increasesthe surface area of melanin for water adsorption.

that it eliminates contact resstance from IV data one collects. Still, the individ ual cortacts
had a resstanceof # 0.03$, which is negligible compaed to melaninOsesistanceof approx.

Mega Ohms. This combined with the vdP setup allows usto ignore any el!ects on the results

due to contact resistance.
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4.1.2 Equi pment

The equipment used for controlling water content in the ervironmen was the sameas used
for the adsorption isatherm (Figure 3.1), exceptthe microbaance section was adapted for
IV experimerts. 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 rods?, and on

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

4.1.3 Experimental Procedure for Conduct ivity Isotherm Data
After a pellet was connected,the vacuum line was evacuaed for 1 hour using a rotary pump.
The line was then isolaed from the pump and water vapour bled in up to a pressure of
7.5 mbar 4. The pelet was then left for 4 hours to equilibrate, at the end of which IV
measuremets® weretaken using the SMU (Section4.1.4).

Following the IV measuremets the water presare in the line was increasedby 1.5 mbar.
Another set of IV measuremets were taken oncethe samplehad been allowed to equilibrate
for 2 hours. The procedure was then repeated until the measurement for 225 mbar was

completed.

4.1.4 Conduct ivity Measure ments

The vdP technique requires that 8 di! erert conbguraions (Figure 4.2) be used for obtaining
IV data. The IV data are obtained using a Keithly 2400 SMU which drove the voltagefrom
0to 5V in asingle sweep, taking 51 data points. The vdP procedure,aslaid out by NIST,

requiresthe current to bedrivenand the voltage to be measured.Howeer, driving the voltage

2Tungsten rods expand at the samerate as glass this 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 desrnable conductiv ity.

5The bulb holding the melanin sarmples waswrapped in a thick black cloth to minimize photoconductivi ty.
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Figure 4.2: The 8 di! erert conbgurations needed to perform IV experiments using a vdP con-
Pguration. A is an ammeter and the 2 black barsis a potential. The top seies of conbguations
are the ObrizontalOconbgurations. The bottom seies are the QerticalOconbguations. The

average resstance across the top conbguations, Ry, and bottom conkgurations, Ry, are used
to determine the conductivity of the melanin pellets.

doesnot elect the results and sincethe SMU made it easier,the voltage was driven instead.

4.2 Results for Conductiv ity Measur ements

4.2.1 Determi ning Conduct ivity
The vdP techniquewas desgnedto be employedon any samgde with an arbitrary conbPguraion(46),
but if one hasa highly symmetricd sample, like the circular pellets usedin the above exper-

iment then one obtains
exp(" )Ryd&) + exp(" ) Ryd&) = 1 4.1)

where Ry is the averageresistancefor all horizortal conbgirations, Ry is the averageresis-
tance for all vertical conbguraions (Figure 4.2), d is the thicknessof the pellet and & is the
conductivity. The valuesfor Ry and Ry were found by obtaining three IV curvesfor each
vdP conbgiration. Thesecurveswere averaged and a graph of voltage against current was
then plotted, from which a residancecould be found from the gradient. A straight line was
ptted to the initial linear region of the data, an exampleof which can be see in Figure 4.3
This was done since any blocking behaviour (ChildOsLaw behaviour) is expected for high

voltages Usingthe above procedurea resistanceof ead of the 8 conbgirations was obtained.
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Figure 4.3: Represertati ve voltage against current data. The straight line is btted to the
prst available straight part of the curve, and the gradient determined to yield a value for the
resstance. Note also the behaviour of the data: the straight line clearly shows the non-linear,
ChildOdaw dependenceat higher voltages.

For each of the curves,a ! 2 value was obtained and usedto determine a weighting, w, for
ead curve through

( ) )
w=1 1"12R°’ 4.2)

whereR istheresistanceobtained for a specibcconbguraion. To obtain the averageresistance
for all the horizontal conbgirations, Ry, a weighted average was taken of all the resigances
of all the horizontal conbgirations

+ ,
i WiRlI
a'*

Ry =
: i Wi

(4.3)

wherei specibesa horizontal conbguraion. The samemethod was usedto detemine Ry, .
The determinedvaluesfor Ry and Ry, were then used in Equation 4.1. It shauld be noted
that Equation 4.1 is impossibleto solve analytically. Therefore, the conductivity was found
numerically by plotting values for Equation 4.1 against a range of values for the conductivity,
from which the corregponding value for the conductivity was obtained for where Equation 4.1
hasa value of 1.
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The relativ e error asscciated with the vdP setupis

& 7 T, ¥ 3
"&_E, . 1P TP m f
& ' 16D2In 2 4D2I|n 2

(4.4)

wherel is the distance the corntacts span the circumference of the pellet, m is the distance
the contact intrudestoward the certre of the sample and D is the diameter of the pellet. The
error was found to be 15 %°.

The Pnd conductivity isotherms as a function of relative pressure, X, can be seenin Fig-
ure4.4a. The errorsin the relativ e pressure werecalculaed the sameway asfor the adsorption

isotherm results (Chapter 3, Sec¢ion 3.2.3).
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Figure 4.4: Conductivity 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 235+ 0.1 #*C, black data at a temp. of 229+ 0.1 #C and red
data at a temp. of 225+ 0.1 *C.

The conductivity isatherm asa function of water adsorbed by weight percen (wt(%)) can be
sea in Figure 4.4b. The valuesof wt(%) were determined using the modiPed BET equaton
(Equation 3.4, Section 3.2.3), where it was assume that the number of layers %is 3. The

error in wt(%) was determined by

" wt% =

4
2
+WitU +WitU +Wit
B4 B4 X + O nt . (4.5)

+
+Z +X +nj g

8For the complete error analysis and the derivation of Equation 4.4, see Appendix A.2.1
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4.2.2 ChildOsLaw Dependence

During the experimert a greatdeal of IV data wasobtained, consequetly allowing a detailed
seard for ChildOdaw dependence, | % V", on the voltage (Sedion 1.2).

Approximately half of all the IV curves obtained were linear, indicating OhmOdaw depen-
dence but the other half had non-linear dependence. The curve in Figure 4.3 is a repre-
sertative Pgureof ChildOdaw dependencein the data acquired. The most probable reasm
for only half of the curvesbeing non-linear is the order in which the IV data for ead vdP
conbgiration was obtained. When one applies a potertial bdd, charges aggregde around
the eledrodesand thus it exhibits non-linear behaviour. This aggrecation can be el ectively
eliminated by applying the potential Peldin the opposite direction. Howewer, aggregation
would not occur for the secondrun since not enaugh time is allowed for the chargesto move

to the other electrade, thus onewill only seeohmic behaviour.

4.3 Discussion of Conducti vity Isot herms

4.3.1 Conduct ivity Isotherm, General Form & Percolation

Looking at the conductivity isotherms in Figures 4.4a and b it can be seen that initially
the conductivity doesnOtchange, but then a critical amount of water is adsorbed and the
conductivity increasessuddenly The shape of the curvesis highly reminiscert of percolaed
conductivity (Figure 1.7). Furthermore the behaviour around the critical area for the diler-
ent sets of data is very similar. This suggests that the behaviour of the conductivity may
be a cortinuous phase transition’, with a critical point at 0.41 relative pressure or 12.5 %
weight percert gained(Figure 4.5). Theseobsenations suggesta percolating conductivity, but

to determine whether the data is consistem with percolaion theory an approximate critical

"The discussion on phase transitions and critical exponents relies heavily on knowledge taken from the
text Chaiken & Lubesy(47)
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Figure 4.5. Determining the critical relative pressure in the conductivity. A straight line is
drawn through the brst few data points using the blue data from Figure 4.4a. Another curve is
then pbtted to therest of the data. Where the two curvesdivergeis the criti cal relative pressure,

Xc,and is 0.41+ 0.01.

exponert was determined. According to percolation theory the conductivity should be de-
pendent on water in melanin,i.e. & % (wt(%)" wt(%)c)* wherewt(%)c is the critical water
adsaobed by weight percer. But, it can be seenthe errors in wt(%) in Figure 4.4b are large.
Instead, the data from Figure 4.4awas used. This is justibPed sincethe valuesfor the relative
pressuresaround 0.41is es®rtially linear in the adsorption isothemn (Figure 3.4). Thus X %
wt%, and therefore& % (X " X¢c)* where X is the critical relative pressire. Taking the log

of both sides we obtain
IN& % pin(X " X¢). (4.6)

Plotting the values for Equation 4.6 nea the critical relative pressire (Figure 4.6) givesa
critical exponert p of 23+ 0.2. The data is consistenn with 3-dimensionalpercoldion for
which we expect p = 2.0 but to be sure one would require more data points which are much
closerto X¢. The points chosenin Figure 4.6 ranges from 0.4 to 0.5 relativ e pressure,which
is equivalent to a range of reducedrelative pressire % of 0.22. For comparisa, a typi-

cal experiment for determining critical exponerts have reduced value rangesof 10' %(48). It
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Figure 4.6: Determining critical exponert of the conductivity for hydrated melanin. The red
lineis the line of best bt, from which the gradient hasthe value of the exponent. The gradient
has a value of 2.3+ 0.2.

is clear from this comparisan that the reaults preserted in this thesis are not closeenoud
to the critical point to get an accurate value for the critical exponert. Howewver, a model
experimert(49) that was done on percdated conductivity useda reducedrange of 0.22 as
well, and it was found that the samplesusedhad a critical exponent of 3, consigent with
mean beld theory (MFT). Our result, which hasa 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 exponerts for 3D percolaton.

Another consideratio for the critical exponernt obtained above is that the critical exponert
for 3-dimensiond percolation assumesthat the conductive elemerts, i.e. water, are non-
interacting. This is an inaccurae assumptian since water forms strong hydrogen bonding
networks, therefore this interaction may give rise to a higher critical exponent than predicted
by percolaion theory(6).

Compaing the reault for the critical exponent to 11+ 1 obtained by Giacamantonio, there is
certainly a large dile rence. This di! erenceis most probably dueto the fact that Giacaman-
tonio calculated the exponert using a reducedrelative pressure range of 0.95, and as been

mertioned above, one nealsto be very closeto the critical point to estimate a valid exponert.
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This shaws that the results obtained in our experimert probes the critical region with more
accurecy.

In conclusion, the above obsenations strongly indicate that a percdated system is presen.
This in turn would be consigent with proton conduction which employs the Grotth ussmed-

anism (Section 1.4.2, Chapter 1).

4.3.2 Conduct ivity Isotherms, Other Consider ati on

The overall change in the conductivity is approximately one order of magnitude whereasthe
results obtained by Giacomantonio(6) and Jastrzebsla et al.(5) changed seerd orders of
magnitude. Upon consideraton, our results may be dilerent to Giacomantonio and Jastrzeb-
ska et al. becuse of signibcan di! erencesin experimertal setup in the three cases. These

dilerencesare:

1. Samplegeometry. The thinner samplesin our experimert had the highestconductivity.
Consideringthat the pelletsby Giacomantonio and Jastrzebsla et al. wereewventhinner

still, suggeststhat future samplesshould be made thinner.

2. Sampledi'e rence. The samplesusedby Giacamantonio 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.Samplespresedat higher pressires may createsmallerpores,thuswater

enering the melanin matrix may be hindered and therefore lower the conductivity.

4. Experimertal setup. The experimertal setup usedin Section4.1 is di! erert to Gia-
comantonio and Jastrzebsla et al.. Their results were obtained using sdt solutions to

cortrol the water content at atmosphericconditions, whereas our experiment subjected
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melanin to vacuum, and kept the samplesat essetially vacuousconditions throughout
the experimert. It may be that the vacuum changesthe morphology of meanin to the

extend that the positive charge carrier is retarded.

5. Presence of O, in experimertal setup. As discused in the introduction, Chapter 1
Section 1.1, O, is most important in the chemidgry of melanin. Oxygen helps with
the formation of free radicals, which may be usedin conducton. Consideing that
Giacomantonio and Jastrzebsla et al. performed their experimerts in atmospherein
the presenceO,, asopposal to our experimert which had no O, presen, it is proposed
that O, may also be crucial in producing additional charge carriers for conduction.
By isolating samples from the atmosphere, our samplescould not be oxidized by O,
and thus the obsened conductivity was lower in magnitude. It is suggestedthat O,
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 betweenO, and conductivity in melanin within the literature. This link

should certainly be investigaed.

This current work has estabished that synthesis, morphology, experimertal conditions and
possiblereactions play important rolesin determining the conductivity of melanin. Further,
detailed cortrolled studies will be required to understand the full elects of thesedi! erert
factors. Howewer, it is important to note that the form of the conductivity isotherm is very
similar to Giacamantonio, but it is signiPcantly more accurate and has enabledthe calculation

of a more realistic critical exponert.
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4.3.3 ChildOsLaw Dependence

In Figure 4.3 there is clear evidencefor ChildOdaw dependencein the IV data. Usually this
dependenceis due to ions in a sample, which are unable to transfe succesfully into the
oppositely charged electrode(19). These resultsconbrmdata obtained by Giacamantonio and
Os& et al.(25). Sincethere are no other ionsin melanin able to conduct except H*, the data

is highly suggestive of proton conduction within melanin.

4.4 Conclusions for Conduct ivity Data

Using a new experimertal setup, conductivity isotherms for melanin pellets as a function of
water were obtained and compared to the literature. The data indicates that a percolaed
system may be presert and alongside ChildOsaw dependencesuggeststhat protonsis the
dominant charge carrier at high hydration levels We have also establishedthat synthesis,
morphology and experimental conditions have signibcan elects on melanin conductivity.

This is the most complete mapping of the DC conductivity of CPMP ewer obtained, and
furthermore we have normalized the data to the appropriate adsorption isotherm. It must
be stressedthat, althoughthe absolute conductivities we measuredare lower than previoudy
reported, the form of the dependenceupon water cortent is very similar to that reported by

Giacomantonio.
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CHAPTERD

Proton Dynamics

For proton conductivity to be a reality, protons must be free to move within a material.
One of the best, non-intrusive ways to study proton dynamicsis through NMR. The study
of relaxation times of proton spin can be usead to understand proton motion and behaviour.
No previous study on proton dynamicswithin melanin has beendone before, therefore, this
chapter describes the brst experimental forays using sdid state *H NMR experimerts to

understand proton behaviour within melanin.

5.1 Metho dology for NMR Spectroscopy

CPMP werefabricated from auto-oxidized melanin asdescribed ealier. These were prepared
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 s€up, in
which the humidity was cortr olled with salt solutions (Figure 5.1). Dilerent salts were used
to obtain di'e rent humidities. The sdts usedand their coregponding humidities can be seen

in Table5.1

Desicator Pellets | MgCl, | NaCl
Relative humidity | 0% 33% 7%

Table 5.1: The RH ead salt producesin surrounding atmosphere. T he valuesfor the chloride
salts were taken from ASTM E 104-02(50).

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

ervironmernt to the outside atmosphere. The samples were kept in the dishes for 3 days

44



Side view

Bottle cap

Salt solution r 1 | saitwater
1 < —
i r ! o Excess salt

///?\\\
\_/

Top down view

Figure 5.1: Sal solution setup for hydrating melanin. The melanin sample is placed wit hin
a cap. This cap is then Roated on top of a saturated salt solution, which cortrols the water
content in the surrounding atmosphere.

minimum.

To engure that the samplesdid not gain or losesignibcart amourts of water while NMR data
was being collected,the meanin samplesweretaken out of their petri dishesand wrapped in
TelRRm tape. Immediaely afterwards the sampleswere placedwithin the NMR spectrometer
and data collected. Wide-line 'H NMR experimerts were conducted on a Bruker DRX-300
spectrometeroperating at a proton frequencyof 300.13MHz. A simple pulseand collect pulse
sequene was usedto acquirethe date. The 90 pulsetime was 5 s, and pulse repetition time
was 3 s. The spectrum width was 100 kHz. A receiver deadtime of 5 s wasuseal. Eadh free
induction deca (FID) wasaccurnulated for 64 scans and consisted of 1k complex data points.
The FID wasthen zeroPblledto a total of 4k points to prior to Fourier transformation.

No Spin-Echo NMR resultswereobtained since initial experimerts could not Pnd signalsfrom

which values for T,, the transwersespin relaxation time could be determined.

5.2 Results 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: 'H NMR spedra of hydrated melanin at dile rent hydration values

the intensity of the peaks increaseindicating that more water is presern. Also, the width
of the peaksdecrease as water increases. Finally, it can be obsened that a change in the
chemical shift occursaswater content increases.

The widths of the peaks at half height were found, since this characterisesthe elective
transwverserelaxation of protons within the systemaccordingto " = ﬁ; where T, is the
elective transverserelaxation and " is the width of the peaks at half height(51). The values
for T, obtained are plotted in Figure 5.3aaganst water cortent within the melanin. Also, in

Figure 5.3 the chemical shift is plott ed against water cortent.

5.3 Discussion of NMR Result s

As can be sea in Figure 5.3athe T, valuesare of order # 10 # s. Also, the valuesof T,
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 transwerse relaxation time
shows increasemolecular movemerns(51). Howewer, these results are most likely indicating

that water moleculesare moving faster via rotational and translational movemernts, and not
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Figure 5.3: a) The elective transverse relaxation times, T,, obtained for protons within
hydrated melanin as a function of water content. b) The chemical shift as a function of water
content.

protons moving via a Grotth usslike medanism. If we assumethat the valuesfor T, are not
much smallerthan for T, %, then the results are similar to water dilus ion reaults in hydrated
polymers (Seereview by McBrierty(52)). Herewe assumethat hydrated polymersare a rea-
sonale approximation to hydrated melanin macromolecules.

Upon further lit erature investigation, it was found that the timescaes involved for proton
movemert in liquid water due to the Grotth uss medanism are of order # 100 ps(53; 54),
which is much faster than the time involved in dilus ion of water molecules. This would imply
a much larger value for T, than is obsened. Furthermore, this pico secondtimescae was
obsened by detemining coupling between!’O and *H, and not proton-proton coupling.
This method would indicate whether protons have moved away from the oxygen certre asis
assumedby the Grott hussmedanism. In cortr ast proton-proton coupling asobsened in our
experimerts would include this Grotth uss medanism as well asthe more dominant rotational

and translational dilusion of water. Thus proton-proton coupling is an insenstive tool for

1This assumption is correct in asfar asthat T, > T;. The more fundamertal assumption that is madeis
that the magnetic Peld inhomogeity is small, since #- = % + —L  where Tinnom is the value added to the
2

Tin hom
tran sverse relaxation due to Peld inhomogeneity.
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determining Grotth uss like movemerns since any sud movement would be washedout by
more dominant elects sud as dilusion and rotational motions.

The changein the chemicaal shift with water content in Figure 5.3bwas unexpected. Howeer,
upon consderation it can be explained: aswater is addedto melanin, the elective dieledric
constant of melanin changes, which would meanthat the magnetic suseptibility of the sub-
stanceis changing(55). Therefore, the elective magnetic Peldwit hin the substancewill also
change, giving rise to the changein chemical shift. It should be noted that it looks like the
chemicalshift is Rattening out asmore water is added,which implies that the dielectric value
of the system is readiing a maximum limit. This is expected since it supports RosenbergOs
theory of electron conductivity within melanin (Chapter 1, Sectilm 1.4.1). Howewer, three

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

5.4 Conclusion of NMR Results

The very brst study of proton dynamics within hydrated melanin using NMR was performed.
It shovedthat aswater is addedto melaninthe motion of the protonsincrease.Furthermore,
it wasfound that proton coupling is not the way to study Grotthusslike movement of protons
sincesud e'ects would be washedout by more dominart elects sud asrotational and trans-
lational movemeris of water. A better experiment to do would be to obtain H,O enriched
with 7O, hydrate melanin with it and seard for coupling between protonsand 17O.

Also, it was found that the dielectric constart of melanin changes due to water in the envi-
ronment, thus causinga chemicalshift within the spectra. This supports the theory proposed
by Rosenberg

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

not enoudh to make reasmable quantative assesmerts.
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CHAPTERD

Conclusion

In this thesisa detailed study of melaninO=lectrical properties asa function of water cortent
is preserted. This includeswhat we beliewve to be the brst, comprehensive water adsorption
isotherm for CPMP which can be modeled accoding to a modiPed BET mode, which sug-
geststhat melanin has a high a#nit y for water and that there is only limit ed space for water
adsaption.

Furthermore, a full and extensive conductivity isotherm has been preseated which is quali-
tatively consisten with those reported by Giacomantonio and Jastrzebsla et al. However,
the data obtained in our study was obtained under far more cortrolled conditions than eit her
Giacomantonio and Jastrzebslha et al. achieved in their experimerts. We beliewe, the conduc-
tivit y isotherm data in Chapter 4 maps out more accurately the water dependert eectrical
behavior of mdanin than anything previoudy presened.

This work wasmotivated by obseavations in theliteratur e of a positive charge carrier, which is
thought to be protonic. To this end, sewera experimerts wereperformedto probe for protons,
sudh asan in depth IV mapping which has shavn blocking phenomenaeading to ChildOdaw
behaviour, which is consigent with protonic charge carriers.

Also, preliminary NMR studies are strongly indicativ e that we have mobile protons wit hin
hydrated melanin, with mobility increasingwith increasedwater content.

Furthermore, the conductivity isothermswere analysedin terms of percolation theory, which
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is postulated to be consistent with protonic conductivity. The data is complete enoudh to
extract a critical exponert which has moved beyond the MFT region to whereit is highly
suggestive of 3D percoldion.

The work preserted may be comprehensive, but it hasraisedmany more questionsconcerning
the electrical behaviour of melanin. Thesequestionsneedto be answeredif we wish to fully
understandthe structure-property relationship within thesesystems. Thereforethe following

experimerts 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 isothermup to 0.8
relative pressureshould be obtained, but without any drying in-between, and then a

desorptian procedureshould follow which mirrors the adsaption procedure.
2. SAXS can also help determinethe nature of the pore structure within meanin(56).

3. Dilerence in pellets geonetry and preparation should be investigaed. It is proposed
that conductivity data for di! erert thickness samples dilerently pres®d samplesand
dilerently synthesisedsamplesshauld be invegigated sincethe evidene in this thesis

suggest that all these factors are important.

4. The NMR data suggestedmoving protons. Howewer, the study of ’O- *H coupling
in NMR should be investigaed. This may hep determine whether anything like the

Grotthussmedanism within hydrated melanin is occurring.

5. Finally, but probably the mostimportant consideraion for conductivity of melanin, the
link between O, in the atmosphee and increasedconductivity. Conductivity isotherms

should be performedwithin the presenceof O, in the ervironmert.
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APPENDIXA

Appendix

A.1 Adsorpti on Dat a

A.1.1 Experimental Errors in Adsorption Isot herm

Temperature was monitored during the experimert. The Pnal 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.

Presaire was monitored continoudy during the experimert. The Pnal value for the pressure
wastaken at 4 hours and the error in the pressurewas taken as 2std.

The saturation pressureof water wasdeterminedby taking the Pnd 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 sauration pressuredetermined.
The dilerences betweenthese presaires and the actual saturation pressure was determined

and the reault that gave the largestdile rence was taken asthe error.

A.1.2 Deter mining Weight Percent Gained in Adsorpti on Isotherm

The adsorption of water into melanin was expresed in weight percent gained. This was
calculated usingwt(%) = (M " DM )22 where wt(%) is the weight percert gained,M is

DM

the massof hydrated melaninand DM is the dry mass of meanin.
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The error in the weight percent gainedis given by ’W"rz(f/j;) = LMaDMTT, T1DM

, Where

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

were obtained independertly of one another and are therefore uncorrelated.

The number of molesof water, n', can be related to wt(%) by n' = % whereM 4,0

0 £ 2 A\ £ \
isth lecul ight of water. Th iated o ln? — 1 k!DM)Z*_k!WK%yz
is the molecula weight of water. The asscciated error is %= = 55 ou oY

A.1.3 BET Anal ysis

The BET equaiton is an equdion basedon an ideal system. Therefore, this equation is only
valid for certain areasof an adsorption isotherm, usudly for relative pressiresrangng from
0.05to 0.3 (42; 43). Taking into accoun this limitat ion, equation 3.1 was applied using
a weighted linear regresson program in Microsoft Excel to determine the values and errors

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

0 £ AN £ AN O £ AN ya AN

Gnl2 U J2 GJ2 U2
1 Z _ ' m I ¢ 'n7 _— lc 1 Z ;
= 5t T oandem = - + == respectively.

The specibcsurfaceareafor ead samplewasthen calculated by SSA = %, whereSSA

is the specibcsurfacearea N4 is AvogadroOsiumber, Ay,o is the areaone water molecule

occupiesand DM is the dry massof the samplein grams. Ay,0 wastaken as 192\2(45). The

O £ A\ va N\
: . .1 SSA Cine 72 0 gy ’2
error in the spedbc surfacearea was calculaed using sz~ = =V

, where

the error in N, is assumedto be nedigible.

The error was calculated by !((!!EE)) = Z + I

A.2 Conduct ivity Data

A.2.1 Error Analysis for Conduct ivity

The bnalrelative error for the conductivity from Equation 4.4 was obtained by consideringthe

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

R (A1)
&  16D2In2 '

wherel is the distancethe contact spans around the circumferenceof the sampleand D is the
diameter of the sample. Keepingin mind that the thicknessbetween two cortacts is 2 mm,
and the diameter of the sampleis 12.7 mm, the value for the error for eat contact from
equaton A.1 is 4 %.

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

" & m?2
= A.2
& 4D2In 2 (A-2)

wherem is the distancethe contact intrude from the edgeof the samge to the centre. For
eat contact this error turns out to be 7 %.

Asauming these two errors are introducedindependerily the error per contact becomes

Eéo " - " -
b ) H )
|2 m?2

[ + - .
16D2In2 4D2|n2 (A-3)

C&
==

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

and sincethesecontacts are all the same, the Pnal equaton for the error is

%
é ;3 |2 $2 # [ﬂz $2'

=%qr - — o+ A4
16D2In 2 4D2|n 2 (A-4)

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

A.2.2 Error Analysis for Water Adsorb ed by Weight Percent

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

the chain rule, for the uncertainty in an arbitrary function was used(59

14 .\ $, # $,3v2
" p: 2 pn Xl + .“+ p 1] Xn 4
+X1 +Xp

(A.5)
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where p is your arbitrary function, the xOsare the variables of p and n is the number of

variables. Equation A.5 led to equdion 4.5, and the partial derivativesin equdion 4.5 equéde

to

+wt%
+Z

+wt%
+X

+wWt%

[
+ng

1000 Nyt X (X" X4 (1" 4X3+ 3X4)Z

(1" X))@+ X (Z" 1)" ZX4)?
100! nj! X (1" 4X3+ 3X%)

@a" X)@+X(@Z" 1)" ZzX4% (A.6)

100! ni! ZX (1" 4X3+3X4)(Z" 1" 4zX?)

(1" X))@+ X (Z" 1)" ZX4)?
100! ni! ZX (" 12X 2+ (12X 3))

1" X)L+ X (Z" 1)" zX%
100! nj! Z (1" 4X3+ 3X4)

1" X)L+ X (Z" 1)" ZX4
100! ni! ZX (1" 4X3+ 3X%)

(A" X))@+ X (Z" 1)" ZX4) (A7)

ZX (1" 4xEE3XY A8)

1" X 1+ X (2" 1)" ZX4'

It shouldbe noted that thevariable %in the modiPedBET 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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