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Abstract

A novel monomer (N,N’-Bis-(1H-pyrrol-2-ylmethylene)-benzene-1,2-diamine-BPPD) was
derived from the condensation reaction between o-phenylenediamine and a pyrrole derivative. The
monomer was polymerized electrochemically to produce the new polymer material —
polymerized(N,N’-Bis-(1H-pyrrol-2-ylmethylene)-benzene-1,2-diamine) PBPPD. This novel
polymer material was deposited at the surface of a screen-printed carbon electrode, as a thin film,
in the development of chemical sensors for the detection of polycyclic aromatic hydrocarbons
(PAHs). The monomer material was characterized in terms of its optical (spectroscopy) and
thermal properties. The polymer material was characterized in terms of its surface morphology
and its redox electrochemistry. Fourier transform infrared spectroscopy (FTIR) was used to
confirm the azomethine bond formation during the condensation reaction of an aldehyde and
primary amine derivative. Thermal stability of the Schiff base material was determined by
thermogravimetric analysis. Surface morphology of the polymer material prepared by cyclic
voltammetry was studied to determine if the polymer material was prepared at the surface of the
electrode. Redox behaviour was investigated by square wave voltammetry to determine
electrochemical parameters such as diffusion coefficient, peak separation and formal potential. 12
PAHs were selected from the United States environmental protection agency (U.S EPA) priority
listing of PAHSs and these were evaluated at an unmodified and polymer modified screen printed
carbon electrodes. 1-hydroxypyrene (1-OHP) and pyrene (PYR) displayed well defined peaks at
+0.2 V and -0.54 V vs Ag/AgCl respectively when evaluated at the unmodified transducer. These
2 PAHSs were quantitatively evaluated in two different electrolyte solutions (both pH < 7) in order
to enhance electrochemical signal reporting. The limit of detection (LOD) for 1-OHP and PYR
was found to be 6.00x10™* ppb (R? = 0.9924) and 1.77x107 ppb (R? = 0.9989) respectively.
Sensitivity of the transducer towards the detection of the analyte was determined from the slope
of the linear portion of the calibration curve. The sensitivity for 1-OHP and PYR was found to be
585.81 uA/ppb and 338.61 pA/ppb. Oxidative redox peaks were observed for anthracene (-0.93
V), benzo(a)pyrene (-0.73 V), chrysene (-0.58 V), naphthalene (+0.21 V) and phenanthrene (-0.55
V) vs Ag/AgCl. These PAHSs redox peaks were observed at higher concentrations than 1-OHP
and PYR. No redox response was observed for 7,12-dimethylbenz(a)anthracene, acenaphthylene,
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benzo(b)fluoranthene and fluoranthene at the unmodified transducer. Benzo(a)pyrene (BaP) and
fluoranthene (FLA) displayed well defined peaks at -0.68 V vs Ag/AgCl and -0.54 V vs Ag/AgCl
respectively when evaluated at the polymer modified transducer, as single analytes as well as when
combined as a mixed sample. Redox responses for BaP and FLA were determined in 0.1 M
LiClO4. The LOD for BaP and FLA was found to be 9.46x10~" ppb (R? =0.9975) and 1.07x10”’
ppb (R? = 0.9941) respectively. The sensitivity for BaP and FLA was found to be 712.04 pA/ppb
and 627.21 pA/ppb. Oxidative redox peaks were observed for 1-OHP (-0.16 V), 7,12-
dimethylbenz(a)anthracene (-0.46 V), acenaphthylene (-0.50 V), chrysene (-0.56 V), naphthalene
(-0.62 V), pyrene (-0.43 V) and triphenylene (-0.58 V) vs Ag/AgCl. These PAHSs species were
not selected for quantitative analysis as their analytical signals became lost in a mixed sample. No
redox peaks were observed for anthracene and phenanthrene. High performance liquid
chromatography (HPLC) using an ultraviolet (UV) detector is one of the most common methods
used for the determination of PAHs in mixed samples. PAHSs species seldom occur as individual
PAHs species and the standard analytical method for the priority PAHs is the HPLC-
UV/fluorescence method. HPLC-UV was used to validate PAHs sample integrity and to compare
with PAHSs detection methods in literature. A multichannel multi array electrochemical analysis
approach was tested, drawing on the data from individual PAH evaluation. The multichannel
approach proposed incorporated the use of an 8 electrade array wall jet cell that can be individually
optimized for up to 8 PAHSs in one mixed sample. This was made possible by using a different
electrode assembly that favours one individual PAH at each electrode, based on its specific
requirements for electrochemical detection. The proposed multichannel approach proposed in this
research is being developed in ongoing research development.
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GC : Gas Chromatography

AFM : Atomic Force Microscopy

Ccv ; Cyclic Voltammetry

FTIR : Fourier Transform Infrared Spectroscopy
NMR ; Nuclear Magnetic Resonance

SWv : Square Wave Voltammetry

SEM : Scanning Electron Microscopy

TGA : Thermogravimetric Analysis

LOD : Limit of Detection

LOQ : Limit of Quantification

SPCE : Screen printed carbon electrode

BPPD : N,N’-Bis-(1H-pyrrol-2-ylmethylene)-benzene-1,2-diamine
PBPPD : poly(N,N’-Bis-(1H-pyrrol-2-ylmethylene)-benzene-1,2-diamine)
oPD : o-phenylenediamine

P2C : Pyrrole-2-carboxaldehyde

uSB ; Universal serial bus

CDC ; Carbide-derived-carbon

CP : Conducting Polymer

CPE ; Constant Phase Element

EAP : Electroactive Polymer

ESI-MS : Electronspray lonisation Mass Spectrometry
NQSA : 1,4-Naphthaquinone Sulphonic Acid
PEDOT : Poly(3,4-ethylenedioxythiophene)
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» Polycyclic Aromatic

Hydrocarbons

Environmental pollutants have a long lasting effect on the earth, humans and animals alike
and may have drastic outcomes on life as we know it. This chapter introduces polycyclic
aromatic hydrocarbons in terms of physical and chemical properties, how they are formed
and how the environment is affected by their production. The major concerns relate to the
adverse health effects on humans. Various health organizations have established guidelines
for the safety limits to when humans are exposed to polycyclic aromatic hydrocarbons.
Polycyclic aromatic hydrocarbons that enter the body are metabolized into DNA-adducts
which have harmful effects on the human body, as extreme as cancer. Many methods have
been explored for efficient and cost effective monitoring of polycyclic aromatic hydrocarbons

in water, soil, food and in vitro. However, many challenges still remain.
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1.1 Polycyclic aromatic hydrocarbons

Polycyclic Aromatic Hydrocarbons (PAHS) are a ubiquitous class of organic
pollutants that are persistent in the environment. They result from the incomplete combustion
or pyrolysis of many organic matter. PAHSs are also known as polynuclear hydrocarbons
(PNHs), polycyclic organic matter (POM) and polynuclear aromatics (PNAs). There are
thousands of PAHSs in the environment but they are usually found in complex mixtures rather
than individual compounds. PAHs produce toxic and irritating fumes on decomposition and
may also react violently with oxidizing agents. When dissolved in water or absorbed onto
particulate matter, PAHs can undergo photodecomposition when exposed to ultraviolet light
from solar radiation. The best known model PAHs compound is benzo(a)pyrene (BaP) due
to its highly carcinogenic nature, based on the information provided by the World Health
Organization (WHO).[32, 106, 127, 142, 149, 156]

1.2 Sources of polycyclic aromatic hydrocarbons

PAHs are produced mainly through the pyrolysis process, usually through
incomplete combustion of organic materials. Both natural and anthropogenic sources are the
major contributors to the release of PAHs into the environment. Natural sources include
forest fires and volcanic eruptions, the ‘main anthropogenic sources include vehicular
emissions, residential wood burning, petroleum catalytic cracking and industrial combustion
of fossil fuels. PAHSs are widely distributed into the environment and was one of the first
atmospheric pollutants to be classified as a potential carcinogen. The release of PAHSs into
the atmosphere allows for the possibility of the PAHSs to be transported over great distances
before deposition through atmospheric precipitation into waters, soils and vegetation’s. A
wide range of sources are responsible for the contribution to the total global atmospheric
PAHs emissions including, industrial, agricultural, air, water, soil, foodstuffs and other
sources such as medicines, dyes, plastics, pesticides and wood preservatives. Industrial
emissions are produced by the burning of fuels such as gas, oil and coal, other industrial
sources include the production of primary aluminium, coke, petrochemicals, rubber tires,
cement manufacturing, bitumen, asphalt, wood preservation, commercial heat, power

generation and waste incineration. Burning of brushwood, straw, moorland heather, stubble
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are the main contributors from agricultural sources.[67, 130, 145] The main sources of PAHSs
emissions in air are directly related to the combustion processes such as domestic solid fuel
burning and motor vehicles (Table 1). Each source plays a major role in the contribution of
PAHs emissions into the environment, biofuel and wildfire being the major contributors
(Figure 1).[2, 155]

Table 1. The main sources responsible for PAHs emissions.

Environmental Sources of PAHSs %0 Contribution
Biofuel 58
Wildfire 17

Consumed product use
Traffic oil
Domestic Coal
Coke Production
Petrol Refineries
Waste Management
Others

BN ) S S R N & 2 BN |

Environmental Sources of PAHs

Biofuel
m Wildfire
Consumed product use

Traffic oil

w\ B Domestic Coal
B Coke Production
Petrol Refineries
W Waste Management
M Others

Figure 1. Contributing sources of PAHs emissions into the environment.
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An estimation was made in 2004 that the total global atmospheric PAHs emission of the 16
priority PAHs was 520 giga grams per year (Gg.y™), with the major contributing continent
being Asia (anthropogenic sources). The high percentage contribution from the African
continent is due to the high amount of PAHs from natural sources such as savanna fires,
similarly in the case of the South American continent where forest fires is the major source
of PAHs emissions (Figure 2). PAHs emissions are spread globally with each continent
contributing to the annual PAHs emissions (Table 2).[165, 214]

Table 2. Contribution towards total atmospheric PAHs emissions.

Total Atmospheric PAHs Emissions

Country % Contribution
(Gg.y™)
Asia 290 55
Africa 98 18.8
North America 42 8
Europe 49 9.5
South America 31 6
Oceania 8 115

Total Global Atmospheric
Emissions

Asia W Africa ® North America B Europe South America ® Oceania

Figure 2. Global PAHs emissions.
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1.3 Properties of polycyclic aromatic hydrocarbons

PAHs are colourless, white or pale yellow solids with relatively low
solubilities in water, high boiling and melting points as well as low vapour pressures.[9, 93,
140] PAHs comprise of two or more fused benzene rings consisting mostly of carbon and
hydrogen atoms, with a few exception which contain a nitrogen atom. PAHSs are highly
hydrophobic and easily absorb onto the surface of organic matter of solid particles, resulting
in the formation of persistent micropollutants in the environment.[26, 93, 95, 212] The
physical properties of PAHs such as solubility vary with their structure and molecular
weights, other properties include light sensitivity, heat resistance, conductivity, emittability,
corrosion resistance and physiological action. PAHSs are relatively insoluble in water with
most of them being able to be photo-oxidized or degraded, but are however highly lipophilic.
PAHs can be classed into two categories based on their relative insolubilities, (1) low
molecular weight (LMW) PAHs and (2) high molecular weight (HMW) PAHs. Low
molecular weight compounds which compromise of 2-3 rings (Naphthalenes, Flourenes,
Phenanthrenes and Anthracenes) (Figure 3). With an increase in the molecular weight of
the PAHSs their respective solubility in water decreases, an increase in both the melting and

boiling point and vapour pressure decreases.
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Benzene Naphthalene Anthracene

Phenanthrene Biphenyl

Figure 3. Low Molecular Weight Polycyclic Aromatic Hydrocarbons.

HMW PAHs compounds comprise of 4 or more rings (chrysenes and coronenes), with most
of these HMW PAHSs being carcinogenic (Figure 4).[170, 206] The list of priority PAHs
vary with each country, but based on the carcinogenic nature of PAHSs, the United States
Environmental Protection Agency (U.S. EPA) and the European Union (E.U.) have listed 16
PAHSs as priority. The U.S. EPA viewed these priority 16 organic compounds for their
potential risk to human health via drinking water (Table 3).[10, 29, 121, 200] The E.U.
studied the behaviour of the priority PAHSs in food additives based on the recommendation
from the European Commission (Table 4).[94, 148, 161]
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Benzo[a]anthracene Chrysene Benzo[b]fluoranthene
I‘ Benzo[a]pyrene

Benzo[k]fluoranthene

Benzo[e]pyrene

siPee
9@ NN
oRgy ® S
[

Indeno[1,2,3-cd]pyrene Dibenzo[a,h]anthracene Benzo[ghi]perylene

Figure 4. High Molecular Weight Polycyclic Aromatic Hydrocarbons.
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Table 3. Priority PAHSs listed by the U.S. EPA.[29, 34, 101, 200]

PAHs Compound Molecular Weight Chemical Structure Rings
g.mol?!
1 Acenaphthene 154.21 O‘O 3
2 Acenaphthylene 152.2 Oio 3
3 Anthracene 178.23 3
4 Benz(a)anthracene 228.29 OOOO 4
5 Benzo(a)pyrene 252.32 OO‘Q‘ 5
()
6 Benzo(l)fluoranthene 252.31 I 5

7 Benzo(ghi)perylene 276.33 O“ 6
99

8 Benzo(k)fluoranthene 25231 @ 5
9 Chrysene 228.29 OO‘ e 4
_ g
10 Dibenz(a,h)anthracene 278.35 O‘O‘ 5
11 Fluoranthene 202.25 0'8 4
12 Fluorene 166.22 (}(—\\//j 3
l/'\\ -
13 Indeno(1,2,3-cd)pyrene 276.33 \fwjj 6
14 Naphthalene 128.17 2
15 Phenanthrene 178.23 3

16 Pyrene 202.25 O"O

N
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Table 4.

10

11

12

13

14

15

16

Priority PAHSs listed by the E.U.[210]

PAHs Compound

5-Methylchrysene

Benz(a)anthracene

Benzo(a)pyrene

Benzo(b)fluoranthene

Benzo(c)fluorene

Benzo(ghi)perylene

Benzo(j)fluoranthene

Benzo(k)fluoranthene

Chrysene

Cyclopenta(cd)pyrene

Dibenz(a,h)anthracene

Dibenzo(a,e)pyrene

Dibenzo(a,h)pyrene

Dibenzo(a,i)pyrene

Dibenzo(a,l)pyrene

Indeno(1,2,3-cd)pyrene

Molecular Weight

g.mol?

24231
228.29
25231

252.31

216.28

276.33

252.31

252.31

228.29

226.27

278.35

302.37

302.37

302.1096

302.37

276.33
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1.4 Formation of polycyclic aromatic hydrocarbons

PAHs may be synthesized under oxygen deficient environments from

saturated hydrocarbons. The two main mechanisms that are used in the explanation for the

formation of PAHSs include pyrosynthesis and pyrolysis. Pyrosynthesis occurs when low

hydrocarbons are used in the formation of PAHs. At high temperatures (> 500 °C) free

radicals are formed when the bonds between the C-H and C-C are broken. These free radicals

then combine to acetylene which further condense with aromatic ring structures, which are

thermally resistant. (Figure 5). The formation of PAHSs by pyrosynthesis from hydrocarbons

varies in order of aromatics > cycloolefins > olefins > parafins.[128]

Polycyclic Aromatic

Hydrocarbons

Heat

el

:::‘:cﬂ/a H
[ ”\‘;H
''''' RN e
H/ \H
Heat | -H

Figure 5. PAHs formation by pyrosynthesis process.[155]

Various mechanistic pathways were suggested by Haynes et., al 1991 for the PAHs formation

during combustion.[23]

These mechanistic pathways

include slow Diels-Alder

condensations, ionic, reaction mechanism and rapid radical reactions. Radicals from gaseous
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hydrocarbons tend to quickly rearrange in order to provide the mechanism of PAHs formation
and growth. The addition of these free radical hydrocarbons to lower molecular weight PAHs
then lead, by alkyl PAHSs to the formation of HMW PAHS.

1.5 Polycyclic aromatic hydrocarbons in the environment

Atmospheric PAHSs are an important by-product of incomplete combustion or
pyrolysis of organic material which include wood and biomass materials. Atmospheric
PAHSs are usually found in the form of both particulate and the gaseous phase matter which
are dependent upon the vapor pressure. PAHSs enter the environment due to evaporation from
the earth’s surface or human activity. Generally PAHs present in the gas phase dissolve
within the clouds and into raindrops. However the majority of PAHs (70-90%) are adsorbed
onto small inhalable particles with high concentrations, they tend to be removed via
atmospheric precipitation. Once water clouds become saturated with PAHS, precipitations
usually occur long distances from their origin resulting in the contamination of surface waters
and land. HMW PAHSs (> 5 benzene rings) can be classified as low mobility and are often
deposited rapidly close to the source. LMW PAHSs (2-3 benzene rings) are abundant in the
gas phase and worldwide dispersion occurs preferentially in the Polar Regions.
Transportation, deposition and chemical transformation' of PAHs are dependent on their
respective gas phase partitioning. Gas phase partitioning occurs when gas molecules move
from a phase of high partial pressure to an adjacent phase of lower partial pressure. Gas
phase partitioning is affected by molecular weight, temperature, humidity, precipitation,
vapor pressure, concentration and amount of PAHSs and the type of fine particles present.[42,
155, 168]

1.6 Carcinogenicity of polycyclic aromatic hydrocarbons
Consumer products such as toys, shoes and sporting goods, bicycle grips and
tool handles still contain carcinogenic PAHs despite the known health hazards of these
compounds. According to the European Chemical Agency (Anex XVII of Regulation (EC)
1907/2006 Reach Regulation) products containing these PAHs above the concentration limits
have to be classified as carcinogenic and may not be sold publically.[5] The new E.U. Toy

Directive (Directive 2009/48/EC) stipulates that the same concentration limits (dependent
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upon which PAHS is responsible for the exposure) for known carcinogenic PAHs apply to
toys.[157] The U.S. EPA has classified several PAHs as probable carcinogens,
benzo(a)pyrene (BaP), benzo(a)anthracene (BaA), benzo(b)fluoranthene (BbF),
benzo(k)fluoranthene (BkF), chrysene (CHR), dibenz(a,h)anthracene (DB(a,h)A) and
Indeno(1,2,3-cd)pyrene (1(1,2,3-cd)P). These carcinogenic PAHs have been found in
cigarette smoke, broiled foods and various polluted environments.[80] Synergistic and
antagonistic effects by other compounds that are simultaneously emitted during incomplete
combustion can have. Routes of exposure can determine the respective carcinogenic potency
of these PAHSs. BaP is highly carcinogenic and is often used as a marker for the presence of

PAHSs in environmental samples.[143]

1.7 Mutagenicity of polycyclic aromatic hydrocarbons

The ability of some PAHSs to bind to cellular proteins and DNA with toxic
effects poses a potential health risk.[15, 17] PAHSs are able to attack DNA and form PAHs-
DNA adducts through covalent bonding. The PAHs-DNA adducts have been identified as
biomarkers for cancer.[91, 188, 199] Metabolic activation of PAHSs occurs as a result of the
interaction with microsomal enzymes (cytochrome P450, other proteins and UDP-
glucuronyltransferase) present in many body cells with PAHs species. The interaction with
the microsomal enzymes produce reactive epoxides which react with DNA and cause
mutations of DNA. PAHSs are initially metabolized to epoxides, the epoxides then couple to
nucleic acids and introduce malignant transformations.[145] The oxidation of PAHSs by the
P450 enzyme is the initial step in the activation process, which then produces of a polar
biochemically reactive electrophilic species. The electrophilic species is capable of
interacting with cellular macromolecules (nucleic acid and proteins). A three enzyme-
mediated reaction process is involved in the metabolic pathway of carcinogenic PAHSs such
as BaP (Scheme 1);
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‘GG ﬂ-— “G E— “G
HO

Benzola|pyrene

DNA adducts with
cuanine and adenine

Scheme 1. Metabolic pathway of carcinogenic PAHS.

e The oxidation of a double bond which is catalyzed by the P450 enzyme to form the
unstable arene oxides

e The hydrolysis process of the arene oxides by microsomal epoxide hydrolase to trans
dihydrodiols

e A second enzyme (P450) catalyzed oxidation step at the double bond adjacent to the diol

function which generates a vicinal diol epoxide.

This pathway may result in sterically hindered bay- or fjord-region diol epoxides, which are
electrophiles that are capable of binding to DNA (Figure 6). Some other diol-epoxide
stereoisomers of PAHs are found to be the ultimate carcinogens. PAHSs classified in this
category include benzo(a)pyrene, chrysene, 5-methylchrysene (5-MCR), phenanthrene
(PHEN), benzo(c)phenanthrene (BcP), benz(a)anthracene, 7,12-dimethyl-benz(a)anthracene
(DMBA) and Dibenzo(a,l)pyrene (DB(a,I)P), which are all metabolized through this
pathway.[199]
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(a) (b) (c)

Hindered Bay Region

Bay Region
1 ‘ Bay Region
Co oo

K-region

N
/

\

K-region

Increasing Carcinogenic Potency
Figure 6. Identification of the bay-region in (a), (b), (c).

The structural features of PAHs contribute to the carcinogenicity with BaP being a known
carcinogen which contains a bay-region. Methyl groups in DMBA and the extra benzene
ring in DB(a,l)P hinder the structural feature further.[18] The bay-region is the space
between the aromatic rings of the PAHs molecule. The change in potency of the diol epoxide
can be attributed to the availability of the bay-region which predicts the reactivity and the
mutagenicity of the PAHs. The bay-region is directly linked to the formation of diol
epoxides in PAHs-DNA adducts.[75, 114, 158, 185]

1.8 Human exposure to polycyclic aromatic hydrocarbons

The main routes of PAHSs intake in humans occur through diet and inhalation,
with dietary intake being the main source of human exposure. Oil well fires, automotive
exhaust fumes and tobacco smoking, represent alternative sources of human exposure. The
population density increases the level of exposure, as well as exposure to mixed sources of
PAHs. Human exposure to PAHSs in bitumen fumes occur via several routes, e.g. inhalation,
skin contamination or orally.[31, 97, 156] Plants have a relatively large surface area covered
with waxes that facilitate the accumulation of PAHs. Atmospheric PAHs are generally
transferred to plants by particle-phase deposition on the wax leaf cuticles or by uptake in the
gas phase (stomata). Leaf features such as surface, cuticular waxes, hairs and number of

stomata play an important role in the accumulation of PAHs. Foods can become
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contaminated from particulate deposition on vegetables and fruit from air pollution and
appears to be the main source of PAHs exposure to human. Consumers may be exposed to
PAHs by consuming grilled or charred meats, contaminated cereals, flour and bread. BaP
has been identified as the most carcinogenic PAHSs, the levels of PAHs within the respective
food groups reported as the levels of BaP. PAHs can accumulate in fish and shellfish,
particularly bivalve molluscs, that are exposed to PAHs after an oil spill at sea (Table 5).[57,
172, 207]

Table 5. Levels of contamination in respective food groups.

BaP Levels
Food Groups
P (ug/kg)
Grilled/Charred meats 5.0
Cereals 1.0
Flour 0.1
Bread 0.1
Bivalve Mollusks 10.0
Fish 5.0
Shellfish 5.0

The environmental protection agency has suggested that the following amounts of daily
PAHs intake is not likely to have harmful health effects to humans (Table 6). Each PAHs
represents a specific percentage of the daily intake limit humans can be exposed to (Figure
7).

Table 6. Environmental protection agency daily PAHSs limits.

PAHs compound Levels in Body
(mg/kg)
Anthracene 0.3
Acenaphthene 0.06
Fluoranthene 0.04
Fluorene 0.04
Pyrene 0.03
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8%

Anthracene
= Acenaphthene
Fluoranthene

= Fluorene

64%

= Pyrene

Figure 7. Percentage representation of the daily PAHSs intake limits.

Toxicity of PAHSs is dependent on exposure, the amount of PAHs exposed to,
the various types of PAHs exposed to and the means of exposure (inhalation, skin contact or
ingestion). [2, 156] Both short and long term exposure affects human health with longer term
effects being more life threatening. Short term symptoms include; eye irritation, nausea,
vomiting, diarrhea, skin irritation and inflammation. Long term exposure to pyrene (PYR)
and BaP being identified as the two major PAHs responsible for causing cancer in lab
animals. Long term effects include; skin, lung, bladder and gastrointestinal cancers.
Cataracts, kidney damage, liver and jaundice, gene mutation and cardiopulmonary mortality.
Redness and inflammation of the skin results from repeated contact with naphthalene
(NAPH). Inhalation or swallowing large amounts of NAPH can cause a breakdown of red
blood cells (hemolytic anemia).[1, 86] The harmful effects of PAHs depend on the

mechanism of exposure; i.e. physical contact or chemical adduct formation.

1.9 Polycyclic aromatic hydrocarbons biomarkers
Biomarkers also known as biological markers are used in the assessment of

health or disease state of an individual. Every biological system cardiovascular, metabolic
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system and immune system has its own specific biomarker. An increase in the incidence of
disease and pathological conditions in aquatic organisms has been identified as a relevant
indicator of ecosystem health and potential human health risks. PYR is the one PAHSs that is
present in relatively high concentrations (between 2 - 10 %) of total PAHs. The relationship
between PYR and BaP may vary considerably between different routes of exposure. Coal
tar contains between 2 - 10 % PYR and between 0.4 — 0.6 % BaP. PYR is predominantly
metabolized into 1-Hydroxypyrene (1-OHP) which is a urinary biomarker with a half-life
between 18 - 20 hours (Scheme 2).

OH

P-450

Pyrene 1-Hydroxypyrene

Scheme 2. Metabolism of Pyrene to 1-Hydroxypyrene.

The mutagenic and carcinogenic properties are acquired when BaP is bioactivated by
enzymes such as cytochrome P450 (metabolic pathway in the human body usually the lungs).
The metabolic activation of BaP to BaP-7,8-epoxide is the first step in the diol-epoxide
formation (Scheme 3). This step is followed by hydrolysis by microsomal epoxide hydrolase
to form the BaP-dihydrodiol metabolite. The metabolite is then further metabolized by P450
to form the mutagenic BaP species also known as the diol-epoxide. The BaP-diol-epoxide is
extremely reactive and can bind to macromolecules such as DNA, RNA and proteins.[47, 81,
105, 133, 206]
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Scheme 3. Metabolism of benzo(a)pyrene to form the diol-epoxides.

PAHSs that bind to DNA-adducts within the body have half-lives which determines the time

the adduct remains in the body before being reduced by half.

e DNA Adducts — order of months

e Protein Adducts — largely dependent on the type of protein where the bond is formed

e Albumin Adducts — 20 days
e Haemoglobin Adducts — 120 days

Various methods have been employed in the detection of these DNA-adducts, some of which

include;

e enzyme-linked immunosorbent assay (ELISA) — measures DNA-adducts

e 32p-postlabelling — determination of bulky DNA-adducts

o Gas chromatography-mass spectrometry/high performance liquid

chromatography/enzyme-linked immunosorbent assay (GC-MS/HPLC/ELISA) —

measurement of protein adducts mostly in blood proteins
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The detection of BaP in drinking water can be directly attributed to the deterioration of coal
tar. Many years ago coal tar was used to line water pipes, currently BaP is seldomly detected
due to extensive water treatment and renewals, in line with drinking water standards — Water
Supply Regulations 2000. Water contamination can occur as a result of leaching from soils
into water, industrial effluents and accidental oil spills. BaP is often used as an environmental
indicator for the pollution of water. Exposure to NAPH for individuals occur primarily
indoors with residential sources such as pest control products, cigarette smoke, cooking and
emissions from gasoline sources. Biomarkers may originate from specific sources some of
which include biochemical, morphological and physiological changes occurring in organisms
due to their exposure to foreign substances (Table 7). Biomarkers of NAPH, 1-naphthol and
2-naphthol exposure were explored by monitoring their behaviour in pregnant women
(Canada), based on the analysis of urine and breast milk. Samples of naphthalene in breast
milk was associated with 1-naphthol in urine where a 10% increase in 1-naphthol was
associated with a 1.6% increase naphthalene present in breast milk.[192] Currently the
urinary tetrahydroxylated BaP biomarker has been used for the monitoring of exposure to
PAHSs, however there is insufficient data for the monitoring of the concentration of this
biomarker in hair. Initial studies for monitoring this biomarker was performed using hairs
obtained from rats, exposure occurred under controlled conditions with exposure to
individual BaP or to mixtures of PAHs. The suitability for the analysis of tetrahydroxylated
BaP in hair as a biomarker for BaP exposure, the concentrations of this target analyte was
compared to that of monohydroxylated and dihydroxylated BaP found in hair samples. This
gas chromatography-tandem mass spectrometry (GC-MS/MS) method for monitoring of
tetrahydroxylated BaP was tested on hair samples collected from human volunteers.[71]
PYR a parent PAHs undergoes simple metabolism by P450 enzyme to produce 1-OHP,
which is excreted in urine. The major routes of PYR exposure occur through inhalation or
by skin contact, from sources including cigarette smoke, coal tar and petroleum distillates.
PYR which is ever present within PAHs mixtures has become an indirect indicator for all
PAHSs as well as an indicator for PAHs exposure. The composition of the PAHs mixture vary
in different environments especially in the case when individual PAHs are monitored or used

as a marker.[92]
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Table 7. PAHs biomarkers

Body
Biomarkers Source Meang of Parts _Type of Methoc_l of
Infection Biomarker | Detection
Affected
Coal tar Inhalation Skin .
1- Er;d E{Q:|22teh0| Pesticides Skin Kidney Breligltnriilk GC-MS/MS
P Mothballs Contact Liver
Tetrahydroxylated
-BaP Lung Urine
(BaP)-associated Coal tar Inhalat_lon Liver Hair GC-MS/MS
DNA adducts Food Ingestion Kidne Blood
Protein adducts y
Lipids
Coal tar Inhalation
1-Hydroxypyrene Cigarette Skin Eyes Urinary HPLC-UV
Smoke Skin HPLC-FLD
Contact
Asphalt

The most common methods for the monitoring and detection of 1-OHP is high performance
liquid chromatography (HPLC) and fluorecence detection (FLD). Dietry intake is the major
contributor of 1-OHP in urine for non-smokers without regular exposure to PAHs. However
a shortfall of this biomarker is that it has is a short term measure of PAH exposure as it has
a half-life between 6 to 35 hours, 1-OHP in urine has a representation of the last 24 hours.[37,
83]

Little or no information is is available for studies performed on humans exposed to PAHSs.
Most information provided about the carcinogenic behaviour of PAHs have been performed
on mice, under controlled exposure conditions (inhalation, contaminated food and skin
contact). The damage (tumors, birth defects) due to exposure in mice, have led to the
classification of PAH toxicity by federal agencies and health administrations. The
Occupational Safety and Health Administration (OSHA), the National Institute for
Occupational Safety and Health (NIOSH), the Environmental Protection Agency (EPA),
Worth Health Organization (WHO), European Commision and Egyptian Environmental
Affairs (EEA) agencies, and health administrations have provided occupational PAH

exposure limits and guidelines. The Occupational Safety and Health Administration has set
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a 0.2 mg/m?® limit of PAHs exposure of air during an 8 hour working day. The maximum
contamination level from the U.S. EPA for PAHSs in water (mainly due to BaP) is 0.2 ppb
which can be atrributed to leachin from water storage tanks and transportation pipes. The
maximum levels of PAHs contamination (in pg/kg) various depenedent on the food group.
Biomarkers play an important role in analytical methods as they allow for the identification
PAHSs present. There are different types of biomarkers (hair, blood, bile, urinary) but the
major biomarker is the urinary biomarker. BaP the the most carcinogenic PAHS is often used
as the indicator for the presence of PAHs in many analytical techniques. Many ananlytical
methods (HPLC, GC, fluorescence, ultraviolet visible spectroscopy (UV-Vis)) have been
used to monitor and detect these DNA-adducts within these various bodies (food, water and
air). These methods tend to be relatively expensive and the sample preparation for these
methods tend to be time consuming. Cheaper cost effective electrochemical methods have
been explored where biosensors/immunosensors and polymer sensors have been employed
as a electrochemical transducers for the detection of the PAHs. However only a hand full of
PAHSs have been detected using this technique and only by detecting them individually. Most
simultaneous methods explored for PAHs detection has been performed by HPLC and GC.
The need for a cheaper cost effective methods for simultaneous detection of PAHs, will be
addressed in this work.
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«  Multi-array Sensors Systems

This chapters explores the designs of chemical sensors, multi array sensor systems and the
ability of multi-array sensors which employ various chemical sensors in an array setup.
Multi array sensor systems allow for the simultaneous detection of multiple analytical

species.

2.1 Chemical sensors

Chemical sensors are different from physical sensors in that an operable
analytical signals are produced by various chemical components (concentration, chemical
composition and partial pressure). ldeal chemical sensors would be inexpensive, portable
and should be able to perform static and continuous measurements in any environment.
Chemical sensors can be classed based on the phase of the chemical compound, gas, liquid
and solid being the main categories. Electron transfer-and charge polarization between
chemical compounds and the electrode which produces an electrical signal is the principle
mode of operation for electrochemical devices. Electrochemical sensors include metal oxide
semiconductors, organic semiconductors, electrolytic conductivity sensors and electric
permittivity sensors. Many existing chemical sensors have limiting features such as

selectivity, sensitivity, limit of detection, response time and packaging size.

Chemical sensors function by detecting and immediately responding to the presence of
analyte at an interface between the sensor and the sample matrix. The ideal sensor and the
most important parameter associated with this sensor is selectivity, the sensor should be
selective towards the specific analyte and not selective to the rest of the sample matrix.[61,
82, 162, 163] The composition of a chemical sensor employs two basic components which
are connected in series; the chemical recognition system (molecular receptor) and the
physicochemical transducer (Figure 8).
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Figure 8. A chemical sensor transforms chemical information into an analytical signal.

The receptor is usually a thin film (layer) which is able to interact with analyte molecules,
selectively catalyze a reaction or participate in a chemical equilibrium with the analyte. The
receptor element is sensitive to stimuli produced by various chemical compounds. The
transducer element generates a signal whose magnitude is related to the concentration of the
analyte. The part of the chemical sensor is responsible for transforming the transported

chemical information about the sample into a useful analytical signal.

2.2 Chemical sensors for polycyclic aromatic hydrocarbons

Recent developments of polymer sensors for PAHs detection have
employed  Overoxidized-polypyrrole(PPy)/Silver-Gold(Ag-Au)  Alloy  nanoparticles
composite, dendrimers, polyaniline-graphene composite and polyaniline (PANI) as the
materials for these sensors. Overoxidized PPy was electrochemical prepared on a glassy
carbon electrode as a thin film. A nanoalloy (Ag-Au) was drop coated onto the surface of
the thin film to create the composite material which was used as an electrochemical
transducer. This new transducer was applied to the detection of anthracene (ANT) (prepared
in acetonitrile), with the limit of detection of 1.69x10”" M. The dendrimer was prepared at a
gold electrode surface and was used in the detection of phenanthrene in a mixture of
acetonitrile (MeCN) and water. The one major concern with electrochemical sensors for
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PAHs detection is the possibility of fouling, which was not observed in composite
material.[125] Various electrochemical techniques such as cyclic voltammetry (CV), square
wave voltammetry (SWV) and alternating current voltammetry (ACV) was used in the
detection of PHEN in water samples. Each of the electrochemical techniques CV, ACV and
SWV provided different LOD, calculated LOD was found to be 4.74, 1.42, 3.24 nmol/L
respectively. Interference studies were also performed during detection using metal (Na*,
Cu?*, Fe?", ClI', SO4* and NO3") and organic species (phenols and petroleum ether).[126, 154]
A novel graphene-polyaniline composite was constructed by in-situ polymerization of aniline
in a suspension of graphene oxide. This novel electroactive platform was used as an
electrochemical sensor for that detection of ANT by using amperometric and voltammetric
signal transductions. ANT was successfully detected using this electroactive platform, with
a LOD found to be 4.4 nmol/L. The unique catalytic properties of graphene are responsible

for the extensive dynamic linear range and the high sensitivity of the sensor.[179]

To a limited extent a few electrochemical (immunosensors, polymer sensors and DNA
biosensors) sensors have been used. A PPy and benz(a)anthracene-7-12-dione (BaD) was
electrochemially polymerized onto a graphite electrode. Due to specific interactions between
BaD and benzo(k)fluoranthene (BKF), this sensor was used to quantitatively determine BKF
in water samples obtained from coking plants. A wide linear range of BKF between 1.0 x 10°
1210 1.0 x 10° M with good linearity (R? = 0.9962) with a low LOD of 1.0 x 1033 M (S/N=3).
This sensor was found to have favourable properties such as good sensitivity, selectivity and
reversibility. The developed method was rapid, relatively inexpensive and environmentally
friendly.[215]

A sol-gel-derived array DNA biosensors coupled with a fluorescence detection system and a
robotic pin-printing platform was fabricated and used in the detection of PAHs. This DNA
biosensors have the ability to simultaneously detect at least 50 samples. The DNA biosensor
was effectively used to detect NAPH and PHEN in water and serum samples in a
concentration range between 0-10 mg/L. In aqueous solutions the DNA biosensor was
sensitive to NAPH and PHEN, however it was not sensitive towards fluoranthene (FLA) and

BaP. This unresponsive behaviour of the biosensor towards these PAHSs can be attributed to
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the solutibility of these PAHs which have HMW. In the serum samples however the
solubility of these PAHs were greatly enhanced. The high toxic effect of BaP at low
concentrations in serum indicated that sol-gel-derived DNA biosensor exhibited effective

ability to detect PAHSs in both water and serum samples.[52]

An immunosensor coated with phenanthrene-9-carboxaldehyde coupled to bovine serum
albumin (BSA) was developed at screen printed carbon electrodes. Cross-reactivities tests
confirmed strongest interaction  whilst  benzo(g,h,i)perylene  (B(g,h,i)P) and
dibenzo(a,h)anthracene (DB(a,h)A) displayed no cross-reactivity. The immunosensor was
not specific for PHEN detection but exhibited cross-reactivity of varying degrees towards
other PAHs. The cross-reactivity of ANT and CHR was found to be 89.9 % and 64.5 %
respectively in tap and river water samples.[56]

2.3 Array sensing

Array sensors employing conducting polymers, conductive polymer/carbon
black composites, fluorescent dye/polymer systems, tin oxide sensors and polymer-coated
surface acoustic wave devices have all been based on a variety of chemical interaction
strategies. These systems were successful in the detection and differentiation of chemical
vapours. However, the main challenge was in the detection of non-coordinating organic
vapours. Many of the most toxic compounds which are metal binding species (amines,
phosphines and thiols are excellent ligands for metal ions) have not been extensively studied.
Sensor arrays exposed to the same sample can produce individual response as well as a
pattern of responses.[115, 152, 153]

24 Multi-array sensor systems

Multi array sensor systems are made up of a group of sensors usually aligned
in a certain geometrical design. Multi array sensor systems allow for the simultaneous
detection of multiple analytes. These sensor types require multichannel potentiostat to
control the multiple detections. Many commercial array sensors have been produced over

the years some of which incorporate gold (Au), platinum (Pt), carbon (C) and silver (Ag)
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platforms while others incorporate modified platforms (nanoalloys). Array sensor designs
use various amounts of working electrodes (2 to 96 working electrodes) with different
working electrode diameters (company specific) in its sensor design to simultaneous
determine target analytes under investigation. Sensors are prepared on different substrates
(ceramic, alumina ceramic and glass) which house these working electrodes in a specific
geometrical design (Table 8). Technological companies such as MicruX, Dropsens, BVT
and Gwent Sensors Ltd have produced array sensors employing different geometrical designs

(varying amounts of working electrode) (Figures 9-12).
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Figure 9. Array sensors designed by MicruX technologies, A — dual sensor, B - tri sensor,
C — 8x single-electrode chip, D — 16x single-electrode chip, E — multi-individual

microelectrode array.
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Figure 10. Sensors designed by Dropsens, A —4X screen printed carbon electrode, B — 8X
screen printed carbon electrode, C — 96X screen printed carbon electrode.

Figure 11. An array sensor designed by BVT technologies incorporating 8 working
electrodes.
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Connector pads for the common
Counter and Reference Electrode

Figure 12. Gwent technologies array sensor design incorporated 16 working electrodes in
its geometrical design.

The design of these sensors have favour microlitre. volumes, in analyzing decentralized
assays or to develope sensors for simultaneous analysis. A high number of working electrode
on a substrate is usually indicative of applications for biological processess. These sensor
array designs have been applied to analysis based on electrolysis, biomolecule modification,
self assembled monolayers and redox active species. The array sensor developed by
Dropsens has been designed in a way which allows for electrochemical detection to be easily
coupled to ELISA assay using simple electrochemical instrumentation.
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Table 8. Array sensor systems developed by various companies.

Working
Company No. of working Electrode Materials | Subtrate El_ectrode
electrodes Diameter
(mm)
C (4W110)
Au, Ag, Ptand C .
4 modified with Ceramic 2.95
nanoparticles
Au (8X220)
Dropsens 8 C (8X110) Ceramic 2.56
Pt (8X550)
C (96X110)
Au, Ag, Ptand C )
96 modified with Ceramic 3.00
nanoparticles
BVT Technolgies 8 ARL-Ag, AU-Py Alumina 1.00
Alloy Ceramic
Gwent Sensors Ltd 16 Au, C, Pt Alumina 0.84
Ceramic
2 Pt, Au Glass 1.01
. 3 Pt, Au Glass 0.62
Te'c\:lllrgroxies 8 Pt, Au Glass 1.01
g 16 Pt, AU Glass 1.01
28 Pt, Au Glass 0.01
2.5 Multichannel devices

Multichannel devices are potentiostats which provide electrochemical

techniques such as amperometry and voltammetry that can be individually or simultaneously

controlled (analysis dependent) at each working electrode. Many companies have developed

multichannel potentiostats with a wide range of potential applications (Table 9). In this work

we have used the Dropsens multi potentiostat with 8 channels. These potentiostats are light

weight (easily portable) and are equipped with lithium ion batteries (Figure 13). These

potentiostats can easily be connected to the computer via a USB cable or via bluetooth.
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Figure 13. Multichannel potentiostat produced by Dropsens, A - Bipotentiostat, B -
multipotentiostat with 4 channels, C - multipotentiostat with 8 channels.

The VSP300 multipotentiostat can be used for fundamental electrochemistry, corrosion
experiments, fuel cells/batteries, photovoltaic/solar cells, coating/plating experiments
(Figure 14). This versatile potentiostat with 6 channels incorporates the latest technology to
ensure excellent performance, the instrument can also be independently controlled by several
users via a LAN cable. Similar models are available for BioLogic, Uniscan and Autolab.

o o o o o o o o

Figure 14. VSP300 multipotentiostat developed by Bio-logic
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Table 9. Commercially available multichannel potentiostats.

Potential i
No. of Current | Weight .
Company h | Range K Connection Software
Channels V) Ranges | (kg)
2 (uStat 1nAtol
300) +2 mA 0.48
4 (uStat 1nAto USB .
Dropsens 4000P) t4 100 mA 16 Bluetooth Dropview
8 (uStat 1nAto
8000P) 4 100 mA 16
. . 10 nA to USB
Bio-Logic 6 (vsp300) +10 1A 20 Ethernet EC-Lab
10 nAto
Autolab 12 (M101) +10 10 MA 13 UsB Nova
. 2-14 1nAto . .
Uniscan (PG580RM) +8 10 mA 14 usB UniEchem/UniEcorr
. 64 (Ivium- 10nAto .
Ivium n-stat) +10 10 A 11.8 UsB IviumSoft
USB :
| CH 8 (1000C) +10 | +10mA | 54 serialport | “H e'gﬁ;rlo‘j;fm'ca'
nstruments (RS-232) y
32 (PMC +12 4nAto2
PARASTAT —L000A) - a USB VersaStudio
32 (PMC 3 4nAtol
2000A) - A
2.6 Multichannel analysis case studies

2.6.1 Cantilever array sensing

A carbohydrate-based cantilever microarray biosensor was applied to a
variety of problems in order to detect molecular interactions. This array biosensor is robust
and highly reliable in the detection of intermolecular binding events in both air and solutions.
The array is extremely sensitive and have the ability to detect picomolar amounts of mRNA
even in complex background. The array design was employed in a series of individual
cantilevers which were modified with either immobilized trimannose, nonamannose or
galactose. The principle operation behind the sensing mechanism is the transduction of the
biomolecular interactions into a nanomechanical force. The receptor molecules bound to the
surface of the cantilever tend to bind with the analyte, which causes a change in the surface
stress as a result of steric and/or electrostatic repulsion or attraction. The generated

nanomechanical force cause the cantilever to bend, analyte binding is measured as an optical
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laser is deflected off the cantilever. The major advantages the cantilever array displays over
other array sensors is its ability to measure binding interactions in real time, the capacity for
multiple binding events which are simultaneously examined in up to 8 parallel channels.[72,
171]

2.6.2 High density temperature array sensing

This high-density array temperature sensor consists of up to 40 discrete
optical sensors in a single optical fiber which can be spread for customized spatial resolution.
This allows for fast thermal measurements with the ability to respond quickly to catastrophic
steam breakthrough events in the longer horizontal well sections. These array sensors have
unique advantages such as long term reliability, quick response times, fixed absolute data
versus statistically averaged data and accurate, stable, high resolution, ultrahigh-temperature
applications (up to 280°C). The unique ability of these sensors allows for it to be used in a
wide range of applications including, thermal temperature, high rate, intelligent or multizone
wells, thermal recovery monitoring, in-well flow temperature measurements, subcool
monitoring and geothermal wells.[85] A robust sensor was developed using a quasi-
distributing multi fiber sensors in a gas turbine environment, this sensors was used to
accurately determine the temperature. . The sensor displayed a unique advantage of
determining the high-density as well as the multipoint and multifunctional capability by

measuring both dynamic and static responses within the gas turbine.[195]

2.6.3 Tactile array sensing
The sensing array is made up of a deformable polydimethylsiloxane (PDMS)
space layer, two aluminium (Al) glass substrates and two dielectric liquids. Sensing ranges
can be alternated in the ranges of 0.05-0.29 N and 0.42-1.12 N, this is due to the principle
operation of controlling the shape of the droplet. The adjustment of the electric flux passing
through the electrodes for the contact angle of the droplet to be controlled. This sensor array
can be used in the application for humanoid robots or artificial skin as tough interfaces to

satisfy different required or dynamic sensing ranges.
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Figure 15. Operating principle of the liquid-based sensing array.

The sensing mechanism shows the electrode which is covered with the higher-dielectric
liquid at the beginning. Due to the PDMS structure being deformed under an external applied

force, the sensing electrode approaches closer and then attaching to the droplet (Figure 15).

Flexible tactile sensor arrays which employ patterned buckypaper as the sensing element,
display advantages such as anisotropic sensing capability, flexibility, simple fabrication
process and low costs. This array sensors has the ability to sense normal and shear forces,
sensitivity can be enhanced by centralizing the applied force (achieved as the PDMS pumps

are bonded to the top of each shear-force sensing cell).[117, 123]

2.7 Proposed multichannel analytical protocol for polycyclic aromatic
hydrocarbons
In this thesis we have adopted the multichannel approach for analysis of selected PAHSs at
polymer modified screen printed carbon eletrodes. After individual PAHs analysis was
performed using a single potentiostat, the optimized analytical conditions were used to
propose a multichannel approach. The proposed way forward in this work is to demonstrate
the principle of detecting PAHSs using the multi array setup. The dropsens working electrode
multi array sensor was employed as the electrochemical transducer. A multichannel
potentiostat was used for all measurements. A 2 pump peristaltic system with a flow rate in

ml/min was used to drive the solution from the reservoirs to the working electrodes. The
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multi array sensors was constructed inside a wall-jet flow cell. This cell allows for 8 different
working solutions to pass simultaneously through the flow cell without any cross reactivity
between cells. The software provided control over individual cells to be inactive (channels

not in use) or active during measurements (Figure 16).
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Figure 16. Principle operation of the wall-jet flow cell with 8 reservoirs being controlled by 2 pumps.
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» Materials design and

Methodology

Recent developments in the field of biomimetic systems demand mechanical systems that are
capable of delivering high power output per volume or mass. Volume changes within the
conducting polymer layers are caused by the oxidation or reduction of the polymer. This
volume change is the main source for actuators bending or deforming. Different actuator
designs have been explored over the years to maximize bending, displacement or
deformation. The bilayer design (two layers) incorporates a highly conductive metal layer
along with the conducting polymer layer in its design. Trilayer designs (three layers) utilize
an electrolyte storage layer to avoid delamination within the design. The storage layer allows
for the trilayer design to operate freely in both liquid and air environments. To a limited
extent zig zag conformations of polymers linked by small organic molecules or metal
coordinating ligands have also been explored in the search for actuator materials with
significant deformation and high current density. This review evaluates the contribution of
polypyrrole and its derivatives in these actuator designs that impact on maximum
displacement capability, current density and the lifetime of these actuator systems. Exploring
actuators leads back to 1992 when the first design of an actuator (bilayer) was explored by
T.F. Otero. This design employed two layers, one conductive polymer layer and the other a
metal layer. Deformation (actuation) of the bilayer actuators occurred through the redox
reactions of polymer layer which would then contract and expand upon applied potentials.
The metal layer provided mechanical strength which supported the stimuli responsive
polymer layer. The conducting polymer layer included conjugated polymers such as
Polypyrrole (PPy), Polythiophene (PTH) and Polyaniline (PANI). Bilayer actuator

displacement ranged from 60° - 120° between potential ranges -2 to +2 V. Applications for
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the bilayer devices included release valves in drug delivery systems, mechanical
microactuators, mechanical micromixing and microtweezers. Reduction in conductivity of
the conducting polymer layers reduces the ability of the actuator to achieve high actuation
speeds. This phenomena is the main reason for poor actuation performance. The
introduction of trilayer actuators has been found to address the problems associated with the
bilayer actuators. These trilayer actuator devices incorporate 2 conducting polymer layers
and one electrolyte storage layer usually Polyvinylidene fluoride (PVDF). The PVDF storage
layer allows for the actuator to be operated in both air and liquid environments. The trilayer
actuator has the ability to bend in both directions when a potential is applied across the
trilayer actuator. The redox processes involved during the applied potential caused the ions
to move in and out of the polymer layer which caused expansion of the layers leading to
deformation of the actuator. Trilayer actuators have favourable properties such as
displacement ranges (18 to 60 mm), potential values (-1 to +3 V) and frequency ranges (0.05
to 4 Hz). The wide range of possible potential application which include microactuators,
high speed response, improved performance and lifetime have made trilayer actuators well
studied materials. Volume changes within the actuator layers have been linked to
conformational changes generated by redox processes. The electrochemical simulation and
generation of free volume is transformed into a stress gradient across the polymer-polymer
interface which allowed the actuator to bend. The zig zag polymer conformation plays an
important role in the actuation mechanism, which is not limited to only ion intercalation in
the bulk polymer chain during electrochemical activation.  Various zig zag conformation
materials have been explored in this review some of which include helical structures (Zinc
metal centre), organometallic frameworks (diplatinum(IV) complexes), molecular tweezers
(Tetrathiafulvalene hinge) and Schiff base materials (Phenazine hinge with conducting
polymer linker molecule). The desirable features of PPy such as large mechanical stress
generation, large maximum strain values, high reversibility and safety at low voltage make
them prime candidates for conducting polymer actuators. However poor actuation
performance results due to the reduction in conductivity during the reduction process.
Bilayer actuators the original actuator design was primarily used for actuation in liquid

environments, delamination of the actuator layers being another disadvantage. The
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introduction of the trilayer actuators devices have been found to overcome the shortcomings
of the bilayer actuators by operating in both air and liquid environments.

The Schiff base polymers developed in our work was employed as direct chemical
transducers for the electro analysis of selected PAHs. In related research the energy
efficiency, capacitive behaviour and bilayer actuation properties have been explored. In
collaboration with the physical chemical laboratory of polymers and interfaces (LPPI) at the
University of Cergy-Pontoise the Schiff polymer material was further optimized and
extensively characterized. The zig-zag polymer conformation was explored using different
anchor molecules, o-phenylenediamine and 2,3-diaminophenazine coupled to pyrrole-2-

carboxaldehyde (Figure 17).

NH; N\\ NH;
/’
NH; N NHz
(a) (b)

Figure 17. Anchor molecules, (a) o-phylenediamine and (b) 2,3-diaminophenazine.

The 2,3-diaminophenazine anchor was used in the development of a bilayer actuator based
on its excellent mechanical processibility. O-phenylenediamine was employed in the
development of thin film chemical sensors for electro-analytical application, based on its
feasibility for electropolymerization and controlled thin film formation. Here we report on
the electro-analysis of 8 selected PAHSs at the electropolymerized polymer N,N'-Bis-(1H-
pyrrol-2-ylmethylene)-benzene-1,2-diamine (PBPPD). Various analytical techniques have
been used to extensively characterize the spectroscopic properties, morphology and

electrochemical characteristics of PBPPD.

3.1 Microscopy
Atomic force microscopy (AFM) and scanning electron microscopy (SEM)
were used to study the morphological and surface features of samples for AFM and SEM

analysis. Surface features were evaluated as topography profiles, surface roughness and
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morphology imaging. The roughness of the Schiff base material which was prepared at the
screen printed carbon electrode surface was compared to a bare screen printed carbon
electrode, the information was captured on the Nanosurf Easyscan 2 instrument. The AFM

instrument used in the Chemistry department at UWC.

SEM images (3D) are produced when a focused beam of electrons interacts
with the atoms within the sample. The electrons interact with the samples causing scattering
of secondary electrons which provide information about the surface composition and
typography of the material. All SEM imaging was done using the Auriga high-resolution
(HR) SEM which is located at the department of Physics at UWC.

3.2 Spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a technique used in the
determination of the infrared absorption or emission spectra of solids, liquids and gases.
FTIR provided useful quantitative and qualitative information about various organic and
inorganic materials. FTIR was used to determine the bond vibration of the fundamental
groups in the novel Schiff base material and provided a means to differentiate between the
starting materials and the monomer material. The FTIR instrument used at UCP-LPPI was
the Bruker Tensor 27 with OPUS software.

Nuclear magnetic resonance (NMR) spectroscopy is a technique that explores
the magnetic properties of atomic nuclei. Proton (*H) NMR was used to study the magnetic
resonance of the hydrogen nuclei within the molecules. The NMR instrument used at UCP-
LPPI was a Bruker Avance DPX 250 MHz spectrometer. At UWC a Bruker Avance IlIHD
Nanobay 400 MHz spectrometer equipped with a 5 mm broadband observe (BBO) probe at
room temperature (298K) was used. *H NMR was revealed that the structure of the materials
differed from each other, the monomer material displayed properties similar to that of a Schiff

base.

3.3 Electrochemistry
Square wave voltammetry, cyclic voltammetry and electrochemical

impedance spectroscopy was used as the electrochemical characterization of materials as well

39|Meryck Ward PhD Thesis

http://etd.uwc.ac.za



as the evaluation of analytical performance. Biologic VSP300 potentiostat (UCP-LPPI) and
the PalmSens 3 electrochemical interface potentiostat (UWC) was used respectively. Cyclic
voltammetry (CV) can be used to provide quantitative information about the electrochemical
processes under controlled conditions, i.e. the reversibility of the reaction as well as the
intermediates in the redox reactions. CV was used to determine the electron stoichiometry,
diffusion coefficient of analytes and formal reduction potentials of the materials under
investigation. CV was also used to electrochemically polymerize and dimerize novel

polymer and dimer platforms.

Square Wave Voltammetry (SWV) a linear potential sweep technique which was used for
the quantitative measurements of electroactive species within the electrolyte solution.
Various electrochemical parameters such as formal potential, potential peak separation,
diffusion coefficient (Cottrell plot) were obtained using this technique. The sensitivity of the

SWV technique was an added advantage in the detection of the PAHSs.

34 Thermogravimetric analysis

This technique studied the change in weight as a function of increasing
temperature or a function of time, in the presence of an inert gas. The effect of mass change
causes changes in the physical (gas adsorption, gas desorption, phase transition) and chemical
properties (decomposition, break down reactions, gas reactions, chemisorption) of the
material. The thermal stability of the monomer material over a wide range of temperature

was evaluated by TGA.
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»  Electrochemical evaluation of
Polycyclic Aromatic Hydrocarbons at a

Bare Screen Printed Carbon Electrode

In this chapter redox behaviours of selected polycyclic aromatic hydrocarbons will be
explored at the surface of an unmodified screen printed carbon surface, using cyclic

voltammetry and square wave voltammetry.

Cyclic voltammetry is a potential sweep technique that allows us to detect oxidative and
reductive processes in a single sweep. Cyclic voltammetry was performed by cycling the
potential range from -1.0 to +1.5 V at a scan rate of 50mV/s for 1 cycle. The working
electrode in the 3 electrode electrochemical cell was a SPCE and the electrolyte solution was
0.1 M LiCIQa.

Square wave voltammetry is a technique which allows us to evaluate Faradaic processes in
the absence of dominant capacitive currents. The electrochemical windows selected for the
oxidative SWV of the selected PAHs was set at -1.0 to +1.0 V. A scan rate of 50 mV/s was
achieved by setting the frequency at 10 Hz and the step potential at 5 mV. The working
electrode in the 3 electrode electrochemical cell was a SPCE and the electrolyte solutions
were 0.1 M HCl and 0.1 M LiClO..

PAHSs were selected based on their solubility in agueous medium, which was related to their
molecular weights. Lower molecular weight PAHSs tend to have better solubility in aqueous.
We purposefully avoided the use of acetonitrile, an organic solvent into which most PAHs
will dissolve, with the aim of keeping the method as environmentally friendly as possible.
The species selected for the inclusion in this study were ANT, acenaphthylene (ANY), BaP,
BbF, CHR, FLA, NAPH, PHEN, PYR, 1-OHP, triphenylene (TRIP) and 7,12-
dimethylbenz(a)anthracene (DMBA) (Figure 18). BaP in particular, was identified from
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literature, as a reference for the carcinogenicity of PAHs. Very little is reported on the redox
behaviour of PAHSs species, and the study of redox behaviours at the unmodified screen
printed carbon electrode was necessary and was reported here for the first time in a

comprehensive manner.
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Figure 18. Structural images of the selected polycyclic aromatic hydrocarbons for this
work.
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4.1 Bare screen-printed carbon electrode platfrom

Screen-printed electrodes (SPE) were used as the electrochemical transducers
for the screening of PAHs. The fabrication of these printed devices on pliable substrates
have allowed for the development of a wider range of new electrode systems. This pliable
susbtrate allows for the complete electrode system to be place on the same surface (Figure
19). The global biosensor which is used for diabetes is the most commercialized screen-
printed electrode, with a billion dollar yearly global market.[79, 184] These electrodes are
low cost, dispoable devices which were designed to work with microlitre volumes of a
sample. SPE are based on carbon, gold, silver, platinum and carbon nanotubes ink, for all
electrochemical measurements in this work the screen-printed carbon electrodes (SPCE)
were used (ref. 110). The adaptability of these electrodes is of vital importance as the ability
to modify these electrodes with ease through many techniques allows for specific target

analytes to be determined.

Counter Electrode
(CE)

‘ ’\ Reference Electrode

Working Electrode
(WE) L} (RE)

W.E.
C.E. Connection
Connection R.E.
Connection

Figure 19. Screen-printed carbon electrodes used for all electrochemical measurements.

The electrode consists of a 3 electrodes on one chemically inert susbtrate, the counter, the
reference and the working electrode. The chemical reaction or biological event occurring at

the working electrode is converted to an electrochemical signal.[54, 79, 174]
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This chapter explores the electrochemical behaviour of various PAHSs studied at the surface
of a bare SPCE in aqueous media. PAHSs selected for the electrochemical screening process
was based on their respective solubilities, lower molecular weight PAHs (priority 16 PAHS)
were targetted for this investigation. Evaluated PAHSs included. BaP was selected due to the
fact that it has been well studied as a reference for the carcinogenicity of PAHs. The

electrochemical technique used in the screening process was sgaure wave voltammetry.

4.2 Electrochemical screening of polycyclic aromatic hydrocarbons

Cyclic voltammetry was performed by cycling the potential range from -1.0
to +1.5 V at a scan rate of 50mV/s for 1 cycle (Figure 20). The working electrode in the 3
electrode electrochemical cell was a SPCE and the electrolyte solution was 0.1 M LiClO4. A
bare SPCE was used as the electrochemical transducer in the of selected PAHs in 4 mL 0.1
M LiClO4 (electrolyte solution). The selection of the wide potential window resulted in a
cathodic peak being observed at +0.6 V' vs Ag/AgCl which was attributed to the behaviour
of the SPCE electrode itself.
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Figure 20. Evaluation of selected PAHs using CV at a bare SPCE in 0.1 M LiCIO4 at
50mVI/s.
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Based on literature reports for PAHs there is a lack of information regarding the reporting of
the redox ability of CHR, ANY and BbF in terms of cyclic voltammetry. Anthracene one of
the more commonly explored PAHSs is usually evaluated predominantly in organic medium
such as acetonitrile and dimethylformamide at a glassy carbon or gold disk electrode.
Anthracene evaluated in acetonitrile at a GCE gave rise to a sharp, irreversible peak at +1.5
V vs Ag/AgCl at scan rate of 0.1 V/s. The irreversible nature of ANT results from the follow-
up chemistry which causes the ANT radical to undergo another reactivity such as
dimerization before reduction occurs at the electrode.[98] The cyclic voltammograms of all
PAH experiments showed no distinct redox peaks with the exception of naphthalene which
showed a reversible couple at +0.16 V vs Ag/AgCIl. PHEN evaluated in 1 M HCI at a GCE,
GCE/polyaniline (PANI) and GCE/PANI-Nickel Oxide (NiO) using cyclic voltammetry
displayed anodic peaks at +1.54 V vs Ag/AgCl, +1.55 vs Ag/AgCl and +1.65 V vs Ag/AgCl,
respectively. The effect of scan rate on PHEN was explored which resulted in the increase
in anodic peak current as the scan rate increased. It was also determined that the oxidation
peak potential shifted to more positive potentials which is a confirmation of a diffusion
controlled process.[60] FLA evaluated in dichloromethane at a platinum disk electrode
displayed 2 anodic peak at +1.6 V vs Ag/AgCl and +1.9 V vs Ag/AgCl, with one reduction
peak at +1.4 V vs Ag/AgCL.[22] Triphenylene evaluated at a GCE in acetonitrile and
dichloromethane displayed reversible couples at approximately -2.0 V and +1.2 V
respectively.[6]
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Figure 21. CV of naphthalene at a bare SPCE in 0.1 M LiClO4 at 50 mV/s displaying a
reversible redox couple (A-A”).

During the evaluation of naphthalene however a reversible couple is evident in the CV scan,
the size of the peak attributed the bare SPCE dominated the naphthalene couple (Figure 21).
Reproducibility of CV analysis for NAPH detection proved unsuccessful at the bare SPCE,
this can be attributed to the unpredictable behaviour of the SPCE. NAPH evaluated at the
surface of platinum electrodes in acetonitrile and a Brij 35 solution (nonionic detergent used
for various protein methods) displayed irreversible redox couples. Oxidative sweep peaks
can be observed at +1.40 V and +1.62 V in Brij 35 solution and acetonitrile respectively. The
absence of the reversible couple in the voltammetry of the NAPH is indicative of a very short
lifetime of the NAPH radicals or a fast follow-up reaction which is couple to the charge
transfer.[46] Information obtained from cyclic voltammetry experiments and literature, it
was determined that the preferred electrochemical technique for the evaluation of PAHs was
square wave voltammetry. Literature reported that reversible redox couples were observed
at higher scan rates while others reported that due to the short lifetime of PAHSs, peaks were
only observed in the oxidative scan in cyclic voltammetry. The lack of reversible couples
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for PAHSs also resulted due to the follow-up chemistry. Based on these problems cyclic

voltammetry was omitted as the principle technique for PAHSs evaluation in this work.

The redox behaviour of the 12 selected PAHs was performed by SWV in 0.1
M LiClOs. The electrochemical window used for the oxidative SWV was set at -1.0 to +1.0
V. A scan rate of 50 mV/s was achieved by setting the frequency at 10 Hz and the step
potential to 5 mV vs Ag/AgCI. An oxidative scan as opposed to reductive scan was selected
from the initial CV screening, using the same parameters as SWV (Figure 22).
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Figure 22. Electrochemical signature of (a) 1-OHP, (b) ANT, (c) ANY, (d) BaP, (e) BbF, (f) CHR, (g)
DMBA, (h) FLA, (i) NAPH, (j) PHEN, (k) PYR and (I) TRIP at the bare SPCE.
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The strongest anodic peak currents were observed for 1-OHP and PYR, for which
quantitative analysis was performed. For all other PAH species, inconsistent peak responses
were recorded as a function of increasing concentration (Table 10).

Table 10. Electrochemical evaluation of polycyclic aromatic hydrocarbons at bare screen
printed carbon electrode.

Concentration Peak Concentration Peak
PAHSs Potential Potential
(ppb) V) (ppb) V)
SWV Ccv
1-hydroxypyrene 2720 +%%; -- --
7,12-
dimethylbenz(a)anthracene 3200 No peak B B
Acenaphthylene 2850 No peak 1217 No peak
-0.93
Anthracene 5550 +0.11 3013 No peak
Benzo(a)pyrene 12530 +%B?é - --
Benzo(b)fluoranthene 9450 No peak 3376 No peak
-0.58
Chrysene 8550 +0.16 10377 No peak
Fluoranthene 10080 No peak 4355 No peak
-0.32 +0.13
Naphthalene 3200 +0.21 1102 018
Phenanthrene 660 -0.55 663 No peak
-0.20
Pyrene 1890 4014 2784 No peak

The more commonly explored methods for PAH detection is differential pulse voltammetry
(DPV) and square wave anodic stripping voltammetry. Based on the information from
literature and the use of these techniques there is a lack of information about ANY, BbF,
CHR, FLA and NAPH, in terms of SWV. ANT and PHEN in acetonitrile were evaluated at
a GCE in 0.1 M LIiCIOg4 (electrolyte solution) with peak potentials found at +1.18 V vs
Ag/AgCl and +1.60 V vs Ag/AgCl respectively. The detection limits determined for these 2
PAHs compounds were found to be 30 and 285 ppb respectively.[124] BaP evaluated at a
pencil graphite electrode in acetate buffer (pH 4.8) gave rise to a peak at a potential of +1.15
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V vs Ag/AQCI using a scan rate of 200 mV/s. The frequency was set at 25 Hz and the
potential step being set at 8 mV vs Ag/AgCI. The detection limit for BaP was found to be
6.82 ppb.[103] DMBA evaluated in acetate buffer (pH 4.8) at a GCE provided a detection
limit of 0.05 ppb at +1.15 V vs Ag/AgCl, using a scan rate of 200 mV/s.

PAHSs generally exhibit a decrease in solubility while the hydrophobicity increases with an
increase in the number of fuzed benzene rings. Dissolving PAHSs in an appropriate organic
solvent is required to overcome this poor solubility. Solvent effects are influenced by factors
such as conductance, solubility of the electrolyte and the reactivity with electrolytic products.
Organic solvents such as acetonitrile, ethanol, methanol and methylene chloride explored by
Fry and Britton, 1984, was suggested as appropriate solvents for oxidative electrochemistry.
Dimethylsulfoxide and Dimethylformamide however was suggested as good solvents for
reductive electrochemistry.[107] Most literature reports for PAHs analysis involves the use
of acetonitrile as the solvent of interest. However, the non-aqueous nature of acetonitrile still
requires some supporting electrolyte to improve conductivity and to reduce double-layer and

migration currents.

4.3 Quantitative analysis of pyrene

A 101125 ppb stock concentration of PYR was prepared in methanol (MeOH). The
electrochemical window used for the oxidative SWV of PYR was set at -1.0 to +1.0 V. A
scan rate of 50 mV/s was achieved by setting the frequency at 10 Hz and the step potential at
5 mV. A bare SPCE was used as the electrochemical transducer in the quantitative
determination of PYR in 4 mL 0.1 M LiCIOs (electrolyte solution). Consecutive
concentration additions of PYR within a concentration range of 753 to 3420 ppb was then

added to the electrolyte solution.
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Figure 23. SWV analysis of pyrene at a bare SPCE in 0.1 M LiClOg in the concentration
range 753 to 3420 ppb, at 50mV/s.

4 peaks of PYR were identified at potentials of 1. -0.82 V vs Ag/AgCl, 2. -0.66 V vs
Ag/AgCI, 3. -0.54 V vs Ag/AgCl and 4. +0.02 V vs Ag/AgCI (Figure 23). The peaks
represented by the voltammogram of PYR was attributed to the respective steps in the
oxidation mechanism of PYR. It was suggested from the formation of the hydroguinone
structure in the mechanism that the process in the voltammogram was irriversible. A clear
increase in peak current in the oxidation scan with each concentration addition was observed.
The electrochemical degradation of PAHs may occur via multiple steps, the degradation
occurred via a direct one electron transfer from the aborbed PAHSs to the electrode surface
forming radical cations. This step was then followed by nucleophilic attack by water at the
carbon atoms with the highest positive charge density resulting in the formation of
hydroxyquinones, dihydroxyquinones and ultimately diones. The formation and the possible
reaction mechanism was used in the explanation of the screening of PYR (Scheme 4).[116,
169]

53|Meryck Ward PhD Thesis

http://etd.uwc.ac.za



1

C'I'
“ _e- ‘ ] -H'-
e
0 OH
O ) me LT wae (10
SOOI
OH
° 4

Scheme 4. Proposed electrochemical oxidation scheme of pyrene to pyrene-1,6-dione.

The change in peak current at -0.54 V vs Ag/AgCl occurred as a result of consecutive
concentration additions which was then used to plot a calibration curve of current versus
concentration. The calibration curve for PYR provided useful quantitative analysis in the
determination of the LOD. The LOD was related to the minimum concentration that was

detected by the system.
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Figure 24. Calibration curve for the screening of pyrene.

An electrochemical reaction occurred via contact between the analyte molecule and the
reactive surface. Based on the above calibration curve it was evident that the data followed
an S-shaped calibration curve, indicative of competition for attachment to the available
binding sites at low concentrations (Figure 24). This may be due to the size of the analyte
molecules and possible flow parameters which affect the binding. Hydrophobicity was
another factor influencing the competition at the binding sites as the binding affinity of PAHs
(cross-reactivity) predominantly contributed to the analytical signal. These influences at the
binding sites give rise to an S-shaped calibration, indicating inital adsorption follwed by the
linear response to concentration and eventually saturation.[49] The inital adsorption process
indicated the amount of molecules the surface of the electrode can take up is dependent upon
temperature, surface area and porosity of the electrode surface. The calibration data was
modelled as a Boltzmann fit which is based on the non-linear least squares method.[102] The

sensitivity of the transducer to the analyte species was evaluated from the linear region in the
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Sigmoidal curve (S). The Boltzmann equation used to fit the s-shaped calibration curve was
indicated using (Equation 1).[33]

Al1-A2 -
y — 1+e(x—x0)/dx + AZ ...................... Equatlon 1

Where;

Al: lowest current values

A2: highest current values

Xo: midpoint between the highest and lowest current values
X: observed current value

dx:  slope of the linear region

The LOD is the point at which the lowest analytical concentration can be determined, not
always quantitatively. LOQ is the lowest analytical concentration that can be precisely and
accurately determined (Equation 2).[167]

LOD or LOQ = PP Equation 2
Where;
LOD: Limit of detection
LOQ: Limit of quantification
F: Factor of 3.3 (LOD) and 10 (LOQ) respectively
SD: Standard deviation of blank
b: Slope of the regression line
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When the calibration curve is a straight line the slope of the curve determines the sensitivity
of the system, based on the mathematical equation y = mx +c where m is the slope. When
the curve is not a striaght line then the sensitivity is determined as a function of the analyte
concentration.[77] The slope of the Sigmoidal curve is determined using the Equation 1,
where the dx is the slope of the linear region. The slope indicated the steepness or sensitivity
of the curve.[33] The electrochemical parameters selected for the detection of PAHSs as well
as the results determined from the calibration plot have been tabulated below (Table 11).

The RSD value is an indication of the dispersion or spread of the data results, for n=3.

Table 11. Analytical and statistical data for pyrene detection at bare SPCE.

Pyrene
Electrolyte Solution 0.1 M LiCIOq4
Potential Window (V) -1.00 to +1.00
Scan Rate (mV/s) 50
Peak Potential (V) -0.54
LOD (ppb) 1.77x10®
LOQ (ppb) 5.85x107
R? 0.9989
Slope (uA/ppb) 585.81
% RSD 12.62 (n=3)

The LOD for PYR was found to be 1.77x10 ppb with a correlation coefficient of 0.9989.
The sensitivity of the system determined from the slope of the calibration was found to be
585.81 pA/ppb based on the non-linear least sgaures method. Literature reports where
pyrene was detected at a overoxidized polypyrrole metal nanoparticle modified glassy carbon
electrode, a limit of detection of 546 ppb was achieved. The sensitivity and linear regression
obtained using SWV for the detection of pyrene was found to be 1.07x10° uA/ppb and
0.9970 respectively.[124] A graphenated polyaniline doped tungsten trioxide material at a
glassy carbon electrode surface was used to detect pyrene by cyclic voltammetry. This
composite material was able to detect pyrene at a limit of 0.3 ppb with a linear regression of
0.9959. The sensitivity of the system towards pyrene was found to be 6.07x10*
HA/ppb.[180] A modified GCE with multi walled carbon nanotubes and cobalt oxide was
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used to determine pyrene at a limit of detection of 0.3 ppb. The sensitivity and linear
regression based on the detection of pyrene was found to be 0.9 puA/ppb and 0.9997,
respectively.[28] Comparing the detection limit and the sensitivity of the system towards
pyrene in this work to literature, it was found that both parameters exceeded the reports from

literature.

4.4 Quantitative analysis of 1-hydroxypyrene

The behaviour of 1-OHP was explored by initially preparing a stock solution
of 109125 ppb in MeOH. The electrochemical window used for the oxidative SWV of 1-
OHP was setat -1.0to +1.0 V. A scan rate of 50 mV/s was achieved by setting the frequency
at 10 Hz and the step potential at 5 mV. A bare SPCE was used as the electrochemical
transducer in the quantitative determination of PYR in 4 mL 0.1 M HCI (electrolyte solution).
Consecutive concentration additions of 1-OHP within a concentration range of 753 to 3420

ppb was then added to the electrolyte solution.

50 |-

40 |

30 |-

Current (A)

-0-.5
Potential (V)

Figure 25. SWV analysis of 1-hydroxypyrene at a bare SPCE in 0.1 M HCl in the
concentration range 543 to 3435 ppb, at 50mV/s.
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2 electrochemical oxidation peaks (Figure 25) at +0.20 V and +0.54 V vs Ag/AgCI were
observed during the oxidative SWV analysis which was atrributed to the cation (B) and
quinoid (C1) species. At lower pH < 7 the oxidation peak (B) is an amalgamation of 2
electron processes (A and B), the peak relating to process B was found to be independent of
pH. The combination of peak A/B can be considered as a result of an initial one-electron one
proton oxidation (1-OHP) step to give rise to radical species, peak A (step 2). Peak B (step
4) results due to further one-electron oxidation process of step 2 which gives rise to the cation
species. The quinoid species observed in step 7 (peak C1) results from the oxidation process
where 2e~ and 2H" species were consumed during this step. The quinoid structure is also
known as pyrene-1,2-dione. The oxidation of 1-OHP proceeded via an electron transfer-
chemical reaction-electron transfer (ECE) mechanism which resulted in the proposed

Scheme 5.

A
OH o’
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LT =~ (1)
HO 0
OH
C+
t2e 2 H* P
ST ‘ 0 “

Cl

|
c

Scheme 5. Proposed electrochemical oxidation mechanism of 1-hydroxypyrene.

The change in peak current at -0.20 V vs Ag/AgCl as a result of consecutive concentration

addition was used to plot a calibration curve of current versus concentration.
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Figure 26. Calibration curve of the detection of 1-hydroxypyrene.

An electrochemical reaction occurred via contact between the analyte molecule and the
reactive surface. Based on the above calibration curve it was evident that the data followed
a sigmoidal calibration curve, indicative of competition for attachment to the available
binding sites at low concentrations (Figure 26). The calibration data was modelled as a
Boltzmann fit which is based on the non-linear least squares method. The Boltzmann
equation used to fit the s-shaped calibration curve was indicated using (Equation 1). The
electrochemical parameters selected for the detection of PAHs as well as the results
determined from the calibration plot have been tabulated below. The RSD value is an

indication of the dispersion or spread of the data results, for n=3 (Table 12).
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Table 12. Analytical and statistical data for 1-hydroxypyrene detection at bare SPCE.

1-Hydroxypyrene

Electrolyte Solution 0.1 M HCI
Potential Window (V) -1.00 to +1.00
Scan Rate (mV/s) 50
Peak Potential (V) +0.20
LOD (ppb) 6.00x10*
LOQ (ppb) 1.80x10°®
R? 0.9924
Slope (uA/ppb) 338.61
% RSD 14.78 (n=3)

The LOD (n=3) for 1-OHP was found to be 6.00x10™* ppb with a correlation coefficient of
0.9924. The sensitivity of the system determined from the slope of the calibration was found
to be 338.61 pA/ppb based on the non-linear least sgaures method. A thin film mercury
electrode was used in the investigation of the urinary biomarker 1-OHP using SWV
adsoprtive stripping voltammetry. The limit detected for 1-OHP was determined to be 0.2
ppb with a sensitivity of 2.40x10* pA/ppb. A linear regression of the system towards 1-OHP
was found to be 0.9960.[39] A graphene oxide polymer composite modified GCE used in
the detection of 1-OHP by DPV in phosphate buffer solution (PBS — pH 2.0) buffer
containing sodium chloride (NaCl — 0.2 M). The limit of detection and linear regression of
the system towards 1-OHP was found to be 8 ppb and 0.9950, respectively.[166] 1-OHP was
detected at a molecular imprinted titanium dioxide (TiO2) gel film using cyclic voltammetry
in a 2 mM potassium ferrocyanide (Ks[Fe(CN)e]) solution with 1 M potassium chloride
(KCI). The sensitivty of the system was found to 6.60x102 uA/ppb, with a limit of detection
and linear range of 0.07 ppb and 0.9700.[201] The limit of 6.00x10™* ppb indicated that the
unmodified SPCE sensor system was more sensitive towards 1-OHP compared to some other

electrochemical techniques, reported in literature.

Aromatic compounds tend to interact with graphite walls and resulted in the stacking onto
carbon materials via non-covalent bonding. After the PAHs concentrated onto the surface of

the electrode an electrochemical operation was applied which resulted in the detection of the
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PAHSs. The exlporation of these PAHSs at a bare SPCE using 0.1 M LiClOsand 0.1 M HCI
allowed for the detection of both PYR and 1-OHP. Redox behaviours and the plot of peak
current versus concetration gave rise to the LOD of PYR and 1-OHP which were found to be
1.77x107 ppb and 6.00x10* ppb respectively. The detection of both PAHs in a complex
mixture was also explored, however the sensitive electrochemical response of the 1-OHP
completely dominated the electrochemistry of PYR at a SPCE. A second electrolyte solution
0.1 M HCI was employed to find an alternative background for the recording of PYR an 1-
OHP electrochemistry. However the sensitivity of the SPCE towards 1-OHP was better in
0.1 M HCI. Asaresult PYR analysis was recommended in 0.1 M LiCIO4 and 1-OHP in 0.1
M HCI in the multichannel protocol proposed for mixed samples. Currently, according to
the U.S. EPA there is insufficient information about PYR to classify it a potential cancer
causing substance. Further investigation into PYR could lead to proper classification as
either a probable or not probable carcinogen towards humans. High performance liquid
chromatography the most common method in the study of PAHs was used to determine limits
for PYR, limits determined for UV and FLD were 0.01 ppb and 0.01 ppb respectively.
Methods developed by the U.S. EPA (610 and 550.1) for the determination of PAHs found
limits for PYR to be 0.27 ppb and 0.13 ppb respectively. Based on the determined limits
from the electrochemical detection, the limits for PYR are within the range of HPLC
detection and the limits detected using the U.S. EPA methods. The limits determined from
the electrochemical methods are more sensitive and provides a cheaper alternative to the
more expensive HPLC methods. HPLC-(UV/FLD/DAD) however has the ability to
simultaneously determine a large number of PAHSs in one analytical run. The problem with
HPLC is the sample preparation, if the sample is incorrectly prepared problems could arise
during the intergration of the data. The mobility of the HPLC instrument is also limited to
the laboratory desktop compared to the lightweight potentiostat used for electrochemical
measurements. The potentiostat which is very portable uses a lithium ion battery and can be
connected to a smart device via bluetooth or USB cable, can be used for on-site analysis.
Electrochemical methods provided a good basis for cheaper, on-site measurements with the
ability to measure at low detection limits. Various occupational limits for 1-OHP have been

determined by various health agencies in America, Canada and Australia. These
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occupational limits for 1-OHP ranged between 1.00 to 10.00 ppb. The electrochemical work
performed in this chapter determined limits that fell below these occupational limits. The
selective determination of these PAHs as individuals in alternative electrolyte medium
provided a means in principle to employ them in a multichannel design (Figure 27). The
electrode employed in the multichannel design consisted of 8 working electrodes.
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Figure 27. Conclusions based on the information obtained during the evaluation of PAHSs at the unmodified screen printed
carbon electrode surface.
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5 » Characterization of Schiff base
materials (N,N'-Bis-(1H-pyrrol-2-
ylmethylene)-benzene-1,2-diamine) and
poly(N,N"'-Bis-(1H-pyrrol-2-
ylmethylene)-benzene-1,2-diamine)
modified screen printed carbon

electrode

The novel Schiff base monomer was electropolymerized at a SPCE to produce the polymer
modified electrode. Spectroscopy techniques was used to confirm the Schiff base formation
through the azomethine bond. The electrochemically produced polymer material will be
characterized by atomic force microscopy, scanning electron microscopy, cyclic

voltammetry and square wave voltammetry.
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5.1 Introduction

A Novel Schiff base material was prepared under a reflux condensation
reaction and was sufficiently dried before characterization and analysis. This novel material
was extensively characterized in terms of spectroscopy, microscopy and electrochemical
techniques to confirm the successful linking of starting materials and to study the morphology
and typography of the material at a microscopic level. Thin films of the Schiff base polymer
was deposited at the surface of screen printed carbon electrodes by electrochemical
polymerization. The freshly prepared thin film sensor was used as the transducer for the

evaluation of polycyclic aromatic hydrocarbons.

5.2 Introduction into Schiff base materials

A natural products chemist named Hugo Schiff discovered a class of
compounds which were formed when primary amines reacted with an aldehyde or a ketone
under specific reaction conditions. This new class of compounds know as Schiff bases are
also known as imines or azomethine is a nitrogen analogue in which a carbonyl attached to
an aldehyde or ketone is replaced by an azomethine group (Scheme 6). The formation of
these compounds tend to be a reversible process therefore usually occurs under acidic or
basic conditions during heating.[68, 159, 211]

0

| N

R——NH; + R—C—R — ™ C=—N——=~R + H,0

primary amine aldehyde or ketone Schiff hase

Scheme 6. Formation of Schiff base compound.

Schiff base compounds are widely used organic compounds that have been used as pigments,
dyes, catalysts, intermediates in organic synthesis and as polymer stabilisers. Schiff bases of
aliphatic aldehydes are very unstable and are readily polymerizable with aromatic aldehydes,

having an effect on the conjugation system resulting in more stable complexes. These Schiff

66| Meryck Ward PhD Thesis

http://etd.uwc.ac.za



bases are usually tri and bi dentate ligands which are capable of forming very stable
complexes with transition metals of various oxidation states. Some Schiff bases and their
respective metal complexes have anitbacterial and antitumor activity which make them an

interesting topic for discussion.[48, 108]

53 Schiff base senors

Schiff base materials have been used for a wide range of potential sensors
including fluorescence, membrane, colorimetric, metal ions and chemical sensors.
Fluorescence Schiff base sensors have been found to display remarkable fluorescent
behaviour towards metals ions including AI**, Mg?*, Hg?* and Zn?*.[76, 96, 150, 198] Schiff
base materials have also been reported to be used in metal ion sensors, especially for Hg(Il)
detection.[129, 151, 187] A new cellulose —lysine-Schiff-base-based sensor-absorbent was
developed for the selective detection of mercury as well as its removal from water. Results
revealed that this sensor displayed rapid and high removal capacity and easily visible
detection within a defined limit of 10 ppm and higher. This range was explored to cover both
high and low concentrations of Hg(ll). The material displayed a high maximum removal
capacity and good reusability up to 8 cycles.[110] Schiff base ligands (Figure 28) have been
used in the construction of membrane sensors due to its ability to form stable complexes with
metal ions. Good selectivity, sensitivity and stability is produced for specific ions. A schiff
base ligand was covalently immobilized on an agrose membrane which was used as an
effective ionophore in the construction of a selective optical sensor. This sensor was used

for the spectrophotometric determination of Hg(ll) in aqueous solutions.
CH;
M
OH
SH

Figure 28. A Schiff base ligand 2-{(2-sulfanylphenyl)ethanimidoyl}phenol.
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The optical sensor displayed favourable properties such as, high selectivity, good lifetime,
fast and reproducible regeneration, low cost, simple fabrication and easy handling. In
addition the sensor showed quick response time, good linear calibration curve and low
detection limits. The optical was used for quantitative and qualitative analysis for the
determination of Hg(ll) ions even in the presence of other metal ion species.[8]

Most work performed using Schiff bases as sensor have been done on detecting or monitoring
metal ions. Little to no work has been done using Schiff base sensors for PAHs detection.
A few reports have revealed that PAHs have been linked to Schiff bases to produce sensors
for the detection and monitoring metal ions. A novel Schiff based linked PAHs (NAPH,
ANT and PYR) sensor which was utilized as selective fluorescent and colorimetric sensors
for the detection of Cu(ll) and Hg(Il) in aqueous medium.[183] A chemosensor based on a
NAPH Schiff base was used for the fluorometric and colorimetric sensing of Hg(ll) ions via

twisted intramolecular charge transfer mechanism.[204]

54 Monomer synthesis

A novel Schiff base material was synthesized by a reflux condensation
reaction, which produced the novel azomethine material, N,N'-Bis-(1H-pyrrol-2-
ylmethylene)-benzene-1,2-diamine (BPPD). The condensation reaction mixture consisted of
0.5 mmol o-phenylenediamine (oPD) which was reacted with 1 mmol pyrrole-2-
carboxaldehyde (P2C) in the presence of propanol (Scheme 7). The reaction mixtures was
kept under argon gas to avoid overoxidation of pyrrole. The reaction proceeded overnight,
the initial colour (light brown) disappeared and a new bright orange colour was observed.
The reaction was then stopped and the solvent was duely evaporated by rotorary evaporation
leaving a red oily like substance. This oily substance was then precipitated by using cold
chloroform, once the oily substance precipitated further evaporation was performed to
remove any remaining organic solvents. A light orange precipitate was obtained with a

percentage yield of 80%.
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Scheme 7. N,N'-Bis-(1H-pyrrol-2-ylmethylene)-benzene-1,2-diamine preparation by Schiff
base synthesis.
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55 Fourier transform infrared spectroscopy (FTIR)

FTIR spectra represent starting materials o-phenylenediamine (oPD), pyrrole-
2-carboxaldehyde (P2C) and the monomer material N,N'-Bis-(1H-pyrrol-2-ylmethylene)-
benzene-1,2-diamine (BPPD) (Figure 29). These are important regions as they indicated the
presence of primary amines, carbonyl bonds and azomethine bonds. All FTIR spectra were
recorded using the Bruker Tensor 27 with OPUS software, all materials used were a solid
material. The important stretching frequency in Schiff base materials is the formation of the

azomethine bond.
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Figure 29. FTIR spectra of o-phenylenediamine, pyrrole-2-carboxaldehyde and N,N'-Bis-
(1H-pyrrol-2-ylmethylene)-benzene-1,2-diamine, between 400 and 4000 cm™.
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The stretching region where (1°, 2°, 3°) amines stretching bands were observed at 3100 to
3400 cm™* (Figure 30). The sharp intense stretching bands at 3384 cm™ and 3364 cm™ are
attributed to the primary (1°) amine associated with the structure of oPD. The stretching
band of the secondary (2°) amine present in the P2C can be seen at 3147 cm™. The stretching

band present at 3126 cm™ is associated with the secondary (2°) amine of the BPPD.
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Figure 30. FTIR spectra of o-phenylenediamine, pyrrole-2-carboxaldehyde and N,N'-Bis-
(1H-pyrrol-2-ylmethylene)-benzene-1,2-diamine, between 2600 and 3600 cm™.

The other important region for the determination of the azomethine bond is the stretching
region where the aldehyde bond (H-C=0) and azomethine bond (C=N-H) is observed. The
stretching range for the aldehyde bond is between 1740 to 1660 cm™ with the exact stretching
band being dependent on the conjugation of the carbonyl bond (functional groups). The
increase in the conjugation of the carbonyl bond decreases the stretching frequency.[73, 135]
The range in which the azomethine bond was expected theoretically was between 1690 to
1520 cm™, again conjugation and side groups play an important role in the expected

stretching frequency observed.[147]
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Figure 31. FTIR spectra of o-phenylenediamine, pyrrole-2-carboxaldehyde and N,N'-Bis-
(1H-pyrrol-2-ylmethylene)-benzene-1,2-diamine, between 1500 and 1800 cm™.

In the region where the carbonyl stretching band was observed, P2C showed an intense
stretching at 1627 cm™, associated with that of the carbonyl bond (C=0). The intense band
associated with BPPD was attributed to the C=N bond at 1612 cm™. The broad band at 1633
cm* was associated with the oPD can be attributed to the C-N-bond (Figure 31).

Table 13. FTIR stretching frequency assignments

Material Assignment Frequency (cm™)
0-phenylenediamine -NH2 3384 and 3364
(oPD) C-N 1633
Pyrrole-2-carboxaldehyde -NH 3147
(P2C) C=0 1627

N,N'-Bis-(1H-pyrrol-2-

ylmethylene)-benzene-1,2- -NH 3126
diamine C=N 1612
(BPPD)
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The data obtained from the FTIR spectra indicating the important bands within each material
have been tabulated (Table 13). The spectra and tubulated data of BPPD both indicated that
there was an absence of both a primary (1°) amine and the intense carbonyl (C=0) band. The
presence of the stretching frequency at 1612 cm™ is indicative of the C=N bond, based on
the above evidence the formation of the desired material in Scheme 4 was achieved.

5.6 Nuclear magnetic resonance (NMR)

'H-NMR spectra of oPD, P2C and BPPD were recorded in Acetone-ds and
DMSO-de respectively. Relevant spectra were recorded using a Bruker Avance DPX 250
MHz spectrometer. Subsequently the NMR data was confirmed using an alternative NMR
namely the Bruker Avance IIIHD Nanobay 400 MHz spectrometer equipped with a 5 mm
broadband observe (BBO) probe at room temperature (298K)
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Figure 32. NMR spectra of o-phenylenediamine in Acetone-d6.

The NMR spectra of oPD revealed 6 shifts at 3.99, 6.48 and 6.62 ppm, attributed to the —
NH2(7/8 on the chemical structure), C-H (1 on the chemical structure) and C-H (6 on the

chemical structure) bonds respectively. The NMR solvent acetone-de and the water attributed

72|Meryck Ward PhD Thesis

http://etd.uwc.ac.za



to the acetone-ds can be seen at 2.05 and 2.84 ppm respectively (Figure 32). The spectra of
P2C displayed a range of 6 shifts in the NMR spectrum using acetone-ds.
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Figure 33. NMR spectra of pyrrole-2-carboxaldehyde in Acetone-ds.

The & shift responsible for the C-H bonds can be seen at 6.30 (2), 6.99 (3) and 7.22 ppm (1)
respectively. The proton attached to the carbonyl group is observed at a & shift of 9.5 ppm
(8). The proton attached to the nitrogen compound on the pyrrole ring can be seen at a d shift
at 11.07 ppm (5). The NMR solvent acetone-d6 and water can be observed at d shift of 2.05
and 2.84 ppm respectively (Figure 33). The spectra of BPPD dissolved in DMSO-d6 was
determined in order to confirm the presence of the azomethine bond. The chemical structure

of BPPD was used to determine the respective 0 shift in the NMR spectra.
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Figure 34. NMR spectra of BDDP in DMSO-d6.

The main 6 shift of interest in the BPPD spectrum revealed the azomethine bond (HC=N) at
a o shift of 8.19 ppm (9). The retention of protons from the two combining starting materials
are evident within the BPPD spectra. The protons attributed to the pyrrole ring (C-H and —
NH protons) could be seen at a 6 shift of 6.15 (15), 6.62 (16), 6.98 (14) and 11.59 ppm (13)
respectively. The 6 shifts attributed to the oPD ring (C-H proton) could be seen at 6 shifts of
6.96 (1) and 7.12 ppm (6) respectively (Figure 34).
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Table 14. H NMR data of starting materials and the new Schiff base material.

Material 6 shift (ppm) Assignment
o 3.99 (s, 1H)
0-phenylenediamine
6.48 (m, 1H)
(oPD)

6.62 (m, 1H)

6.30 (m, 1H)
6.99 (ddd, 1H)

Pyrrole-2-carboxaldehyde
7.23 (m, 1H)
(P2C)

9.53 (d, 1H)

11.07 (s, 1H)

6.15 (dd, 1H)

) 6.62 (dd, 1H)

N,N'-Bis-(1H-pyrrol-2-
6.98 (s,1H)
ylmethylene)-benzene-1,2-
o 6.99 (m, 1H)
diamine
712 (dd, 1H)
(BPPD)
8.19 (s, 1H)
11.59 (s, 1H)

Data relating to the NMR spectra was tabulated (Table 14) for P2C, oPD and BPPD,
displaying their relative NMR shifts. The & shift of importance associated with o-
phenylenediamine was found a 3.99 ppm (1°-NH.) as a singlet in the high field region. The
important 6 shifts in the NMR spectra of P2C was observed in the low field region at 6 9.53
ppm (-CHO) as a singlet and 6 11.07 ppm (-NH>) as a doublet. The formation of BPPD was
indicated by the disappearance of the aldehydic proton (P2C) and the primary (1°-NHz) amine
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(oPD). Acetone was used as the NMR solvent for both starting materials, however due to

the low solubility of BPPD in most solvents DMSO-ds was used.

5.7 UV-Vis analysis

The absorption spectra of BPPD, oPD and P2C were recorded over a
wavelength range of 200 to 500 nm using a Nicolet Evolution 100 spectrophotomer at room
temperature. Both starting materials and BPPD was dissolved in ethanol to prepare 20 mM

solutions.
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Figure 35. UV-Vis spectra of pyrrole-2-carboxaldehyde in Ethanol.

The spectra of P2C displayed a high energy IT-IT* band (Figure 35) at 289 nm was attributed
to the pyrrole ring.[203] The peaks (Figure 36) at 237 and 446 nm in the spectra of oPD was
attributed to the benzene I1-IT* electronic transition and the broad absorption to the n-IT*

electronic transition.[217]
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Figure 36. UV-Vis spectra of o-phenylenediamine in Ethanol.
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Figure 37. UV-Vis of BPPD, O-phenylenediamine and Pyrrole-2-carboxaldehyde in
Ethanol.

The absorption band present at 291 nm was related to the pyrrole ring and the imine function

(Figure 37).[203] The similarity of the UV-Vis spectra of the newly synthesized monomer

and the starting materials was attributed to pyrrole ring (P2C), imine function (new bond
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formation) and the benzene ring (oPD). This can also been observed in the reaction

mechanism of the monomer formation (Scheme 4).

5.8 Thermal analysis

Thermogravimetric analysis (TGA) of the BPPD was used to determine the
thermal stability of the material. In this TGA investigation the heating rates was controlled
at 20.00 °C/min under an Argon atmosphere, with the weight loss being measured from room

temperature up to 700 °C (Figure 38).
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Figure 38. TGA decomposition analysis of BPPD.

The TGA revealed that BPPD is thermally stable up to 171.12 °C, before thermal
decomposition begins. BPPD decomposes up to 60 % (4.0459 mg loss) before

decomposition process is complete, a mass of 6.0211 mg remains after the decomposition

process.
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N,N'-Bis-(1H-pyrrol-2-ylmethylene)-benzene-1,2-diamine
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Figure 39. Fragmentational loss during thermogravimetric analysis of BPPD.

The molecular mass of BPPD (A) is 262 g/mol which compromises of carbon, nitrogen and
hydrogen. The overall fragment lost (B) during the thermal analysis can be attributed to a

molecular weight of 158 g/mol (60 % loss). The remaining fragment (C) has a molecular

weight of 104 g/mol which accounts for the remaining 40 % (Figure 39).
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5.9 Electrochemical preparation of poly(N,N'-Bis-(1H-pyrrol-2-ylmethylene)-
benzene-1,2-diamine)

The polymer material was deposited as a thin film at the surface of a screen
printed carbon electrode. This thin film was electropolymerized by cycling between a
potential window of -0.7 to +0.7 V at a scan rate of 50 mV/s for 15 cycles. The
electrochemical technique employed for the polymerization of BPPD was cyclic
voltammetry. A 20 mM solution of oPD, P2C and PBPPD were prepared by dissolving in
an equivolume ratio of DMF:0.1 M HCI (1:1).

300
250
200
150
100
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-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

Potential (V)

Figure 40. Electrochemical polymerization of 20 mM BPPD at SPCE in DMF/0.1 M HCI
at 50 mV/s for 15 cycles.

The growth of the polymer material at the surface of a SPCE was monitored by cyclic
voltammetry where an increase in peak current is observed in the oxidation sweep (peak A).
The reductive sweep indicated an effective immobilization of the adsorption of the polymer

material (peak A’). The same process can be observed for the B-B’ peak couple (Figure 40).
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As the polymer material grows the chain length of the conducting polymer increases. Starting

materials were polymerized in order to observe their electropolymerization behaviour.

Similarly to the electrochemical method and parameters selected for the polymerization of
BPPD, oPD and P2C were also polymerized at the surface of a SPCE.

o . . : . . —]
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<88 Ir oPD ]
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Potential (V)

Figure 41. Electrochemical polymerization of oPD, P2C and PBPPD in an equivolume
ratio of DMF:0.1M HCI.

The voltammograms of the polymerization of both starting materials and the polymerized
monomer were overlayed and used to determine the characteristics of the polymer material
(Figure 41). The polymer material displayed a reversible couple (A-A’) attributed to oPD,
however a new reversible couple (B-B’) is displayed. This couple was attributed to the newly
formed azomethine bond, as P2C does not display any redox peaks. The thin film at the
surface of the screen printed carbon electrode was called poly(N,N'-Bis-(1H-pyrrol-2-
ylmethylene)-benzene-1,2-diamine) — PBPPD. The two structural formations below are
proposed methods of the electrochemical preparation of the polymer material, the pyrrole

linkage to produce the zig-zag polymer (Scheme 8) or the coupling material (Scheme 9).
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Scheme 8 can be attributed to polymerization of the monomer where the peak current grows
with each cycle. Scheme 9 is based on the preparation at a glassy carbon electrode surface,
where the same electrochemical parameters are applied. However during the polymerization
cycles the materials peak current only grows for 2 polymerization cycles and thereafter the

peak current decreases. The two possibilities include polymerization or cyclization

N L
[:::I: H e-palymerization >
= + 15 cycles

polymer

Scheme 8. Proposed structural formation of the polymerization observed at SPCE.

coupling
eog - (T
M N N H : =N
Re gy

coupling

Scheme 9. Proposed structural formation of the cyclization observed at GCE.
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5.10 Electrochemical characterization of poly(N,N*-Bis-(1H-pyrrol-2-
ylmethylene)-benzene-1,2-diamine) prepared at the screen printed carbon
electrode

This novel polymerized material was characterized microscopically (atomic force

microscopy and scanning electron microscopy) and electrochemically in 0.1 M LiCIO4 in

terms of CV and SWV to evaluated the electrochemical signature within this aqueous media.

This novel thin film was characterized by differentiating between a bare screen printed

electrode and the modified screen printed carbon electrode.

5.10.1 Atomic force microscopy
The images below were obtained using the atomic force microscopy
technique, the images display the differences between an unmodified (Figure 42) and
polymer modified (Figure 43) SPCE.

Figure 43. AFM image of a screen printed carbon electrode modified with PBPPD.
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Table 15. AFM analysis obtained from the SPCE platform.

. Image Size Line Roughness Area Roughness
Material
(Hm) (mV) (mV)
Bare SPCE 50 45.96 49.25
PBPPD 50 52.34 44.60

The polymer material at the surface of the SPCE has a maximum height of 3.0 pm, 0.7 um

less than that of the bare SPCE. This is also observed from the line and area roughness

obtained for the electrodes ( bare vs modified SPCE) (Table 15).

5.10.2 Scanning electron microscopy

The 3-dimensional images of the monomer (solid chemical) and the polymer

material prepared at the screen printed carbon electrode surface. The difference between the

two materials is that the monomer (BPPD) displayed a significantly different image

compared to the of the polymer (PBPPD) material.

EHT = 5.00 kV Signal A = InLens Date :5 Nov 2015
WD = 65mm Mag= 10.00KX Time :10:36:23

Figure 44. SEM image of BPPD novel monomer.
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EHT = 5.00 kV Signal A= InLens Date :5 Nov 2015
WD = 6.2mm Mag= 10.00KX Time :10:47:59

Figure 45. SEM image of the polymer material PBPPD.

The images revealed that the monomer material (BPPD) showed characteristics of a rod-like
structure (Figure 44). The image of the polymer material displayed layers upon layers of a
globular shaped structure (Figure 45). These globular shaped structure reminiscent of

polymerized polypyrrole, using the oxidant iron (H1) chloride.[43]

5.10.3 Electrochemical characterization
The electrochemical behaviour of the polymer material was explored using
the CV technique in a 0.1 M LiClOg electrolyte solution. A CV technique was used to
characterize the polymer, by sweep cycling the potential from -1.0 to +1.0 V and then back
to -1.0 V. A scan dependent analysis was performed in order to determine the diffusion

coefficient of the polymer material.
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Figure 46. Electrochemical signature of PBPPD in 0.1 M LiClO4 characterized by cyclic
voltammetry.

The electrochemical signature obtained using this CV technique revealed one reduction peak
with increasing peak current at lower scan rates (10 — 80 mV/s). At higher scan rates the
peak current behaviour became erratic (90 - 100 mV/s) (Figure 46). SWV analysis revealed
a different electrochemical signature compared to that of the CV technique. The more
sensitive nature of the SWV technique allows for reversible couples to be explored as this
technique focusses on individual sweeps rather than the complete cycling process. The same
electrochemical potential window for CV was used in the SWV. The SWV of the polymer
was also studied by a scan rate dependent analysis. The scan rate used in SWV is determined
by the frequency (Hz) and potential step (V) parameters.
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Figure 47. Electrochemical signature of PBPPD redox process by SWV, oxidation (above)
and reduction (below) behaviours.

The SWV displayed 2 reversible peaks, however the A-A‘ couple was the more consistent of
the redox couples and was used for quantitative analysis (Figure 47). The other redox couple

displayed erratic electrochemical behaviour. Data provided in the SWV technique was scan
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rate dependent ranging from low (10 mV/s) to high (100 mV/s) ranges. The SWV technique
displayed an increase in peak current with each scan rate, high scan rates resulted in higher
peak current values allowing for the determination of electrochemical properties (diffusion
coefficient, number of moles, a change in potential, formal potential) at a frequency of 10
Hz. The diffusion coefficient for a square wave controlled experiment was determined using
the more concise form of the Cottrell equation (Equation 3).[21] The measured current was
dependent upon the rate at which the analyte diffused to the SPCE surface. Under semi-
infinite conditions for linear diffusion, the current behaves as a function of time which can
be denoted by the Cottrell equation. Based on Fick’s second law of diffusion, Frederick
Gardner Cottrell (1903) derived the relationship between an electrical current and time in an

electrochemical experiment.

Equation 3

Where;
ip: peak current (anodic or cathodic)
n: number of electrons

F: Faradaic constant (96485 C/mol)

A:  Area of the electrode (cm?)

Do:  Diffusion coefficient (cm?/s)

Co:  Concentration of electrolyte (mol/cm)

t: Time (), pulse width
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Scan rate (v’) for a square wave voltammetry experiment was determined by Equation
4;[87, 209]
_ Estep (MV)
scanrate (mVs™1) = =2—— ... Equation 4
t(sec)
Based on the inversely proportional relationship between the scan rate and time (v o 1/t),

the 1/t2 in equation 2 was replaced with (v/ Estep)*2.
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Figure 48. Plot of PBPPD based on the Cottrell equation.

The respective diffusion coefficient was determined by plotting the peak current versus the
scan rate based on the Cottrell equation for SWV voltammetry (Figure 48). Since the

diffusion coefficient was calculated from the slope of the plot of current versus (scan rate)*?
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from the linear curve, the approximation of Estp led to the approximation of the diffusion
coefficient. The Cottrell equation was further summarized to determine the diffusion

coefficient by using the slope of the peak current versus scan rate graph in Equation 5.

slope.tt/?

Do = ( nAFC,

)2 .................. Equation 5

Electrochemical information such as formal potential (E°), peak separation (AE,) and the
number of electrons (n) (Table 16) was obtained based on the respective SWV
voltammograms. The diffusion coefficient (Do) values were obtained using the Cottrell

equation for SWV measurements (Table 17).

Table 16. Electrochemical parameters obtained from the characterization of PBPPPD.

S‘(:rannV;:;e Ep,a Ep,c AEp Eo' n
(mV) (mV) (mV)
10 -781 -800 19.0 -790.5 3.16
20 -774 -820 46.0 -797 1.30
30 -784 -824 40.0 -804 1.50
40 -788 -834 46.0 -811 1.30
50 -800 -839 39.0 -819.5 1.54
60 -807 -839 32.0 -823 1.88
70 -809 -842 33.0 -825.5 1.82
80 -813 -846 33.0 -829.5 1.82
20 -813 -847 34.0 -830 1.76
100 -821 -847 26.0 -834 2.31

Table 17. Diffusion coefficient values for PBPPD.

Peak Redox Potential Slope Do R?
(LA/V.sY) (cm.s?)
A ‘ Oxidation 3.66x10°0  4.47x10%®  0.9983
A Reduction 5.10x107°! 8.70x107*° 0.9983
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Based on the information obtained from the electrochemical measurements from square wave
voltammetry for the polymer material, the diffusion coefficient for the oxidation process is
quicker than that of the reduction process. This indicated that the electrons in solution moved

quicker to the surface of the electrode in the oxidation process (Table 17).

The spectroscopy characterization provided clear information about the structural behaviour
of the resulting Schiff base material. The regions of interest in the FTIR spectrum were the
regions where the presence of primary amines, carbonyl group and the azomethine bond were
observed. The linkage between the aldehyde derivative and the primary amine was
confirmed by the presence of the azomethine bond. Absorption bands in the Schiff base
material displayed properties of both the primary amine and the aldehyde derivative. The
Schiff base materials was exposed to high temperatures to determine the thermal stability of
the material, the thermal stability of the material was up to 171.12 °C. Electrochemical
preparation of the polymer material at the screen printed carbon electrode surface was
performed using the cyclic voltammetry technique, 15 cycles. Two proposed structures are
possible during the electrochemical polymerization, either the zig zag conformation or the
coupling conformation. The electrochemical signature of the polymer material in 0.1 M
LiClOs displayed a reversible couple present at negative potentials. Microscopy techniques
provided a way to observe the materials at a microscopic level to determine the presence of

a thin film at the screen printed carbon electrode.
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» Electrochemical evaluation of
selected polycyclic aromatic
hydrocarbons at poly(N,N'-Bis-(1H-
pyrrol-2-ylmethylene)-benzene-1,2-
diamine) modified screen printed

carbon electrode

This chapter describes the application of the polymer platform to the electrochemical
evaluation of the 12 selected PAHs. As before SWV was used to evaluate the 12 selected
PAHs.

Square wave voltammetry is a technique which allowed us to evaluate Faradaic processes in
the absence of dominant capacitive currents. The electrochemical windows selected for the
oxidative SWV of the selected PAHs was set at -1.0 to +1.0 V. A scan rate of 50 mV/s was
achieved by setting the frequency at 10 Hz and the step potential at 5 mV. The working
electrode in the 3 electrode electrochemical cell was a SPCE and the electrolyte solutions
were 0.1 M HCIl and 0.1 M LiClOa.

The species selected for the inclusion at this novel polymer platform were ANT, ANY, BaP,
BbF, CHR, FLA, NAPH, PHEN, PYR, 1-OHP, TRIP and DMBA (Figure 49). The study of
PAHSs redox behaviours at this novel polymer platform was reported here for the first time in

a comprehensive manner.
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Figure 49. Structural images of the selected polycyclic aromatic hydrocarbons evaluated at
this novel platform.
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6.1 Electrochemical screening of polycyclic aromatic hydrocarbons

The redox behaviour of the 12 selected PAHs was performed by SWV in 0.1 M LiClO4. The
electrochemical window used for the oxidative SWV was set at -1.0 to +1.0 VV. A scan rate of
50 mV/s was achieved by setting the frequency at 10 Hz and the step potential to 5 mV vs
Ag/AgCI (Figure 50).
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Figure 50. Electrochemical signatures of (a) 1-OHP, (b) ANT, (c) ANY, (d) BaP, (e) BbF, (f) CHR, (g)
DMBA, (h) FLA, (i) NAPH, (j) PHEN, (k) PYR and (I) TRIP at the modified polymer platform.
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The strongest anodic peak currents were observed for 1-OHP, BaP, DMBA, FLA and PYR.
The selected PAHSs for evaluation at the novel polymer platform was BaP and FLA, for which
quantitative analysis was performed. For all other PAH species inconsistent peak response
was recorded as a function of increasing concentration (Table 18).

Table 18. Electrochemical screening of polycyclic aromatic hydrocarbons at the polymer
modified bare screen printed carbon electrode.

Concentration Peak Potential
PARS (ppb) (V)
SWV
-0.50
-0.38
1-hydroxypyrene 1088 016
-0.09
-0.59
. -0.46
7,12-dimethylbenz(a)anthracene 1269 026
-0.17
Acenaphthylene 660 -0.50
Anthracene 663 No peak
Benzo(a)pyrene 2321 -0.62
Benzo(b)fluoranthene 1557 -0.62
Chrysene 709 -0.56
Fluoranthene 2772 -0.46
Naphthalene 791 -0.62
-0.60
Pyrene 1512 -0.43
-0.17
Phenanthrene 1640 No peak
Triphenylene 990 -0.58

Similarly to literature reports explored at the bare SPCE, there is a lack of information
regarding the SWV behaviour of PAHs

Responses of the selected PAHs displayed well defined electrochemical signatures for both
BaP and FLA (Table 18). The information obtained for these 2 PAHSs indicated their

sensitive nature towards the polymer platform at low concentrations. Further screening of
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these 2 PAHSs in aqueous media would better describe their respective behaviours at the
polymer platform. Consecutive concentration analysis would determine their limit of
detection within an aqueous media. Electrochemical oxidation mechanisms for the selected

PAHSs helped in the explanation of the observed electrochemical signatures.

6.2 Quantitative Analysis of benzo(a)pyrene and fluoranthene

Stock solutions of BaP (126155 ppb) and FLA (101130 ppb) were prepared in methanol. The
electrochemical window used for the oxidative SWV of BaP and FLA was set at -1.0 to +1.0
V. A scan rate of 10 mV/s and 50 mV/s was achieved by setting the frequency at 10 Hz and
the step potential at 1 mV vs Ag/AgCl and 5 mV vs Ag/AgCl, respectively. A modified
polymer transducer was used in the quantitative determination of BaP and FLA in 4 mL 0.1
M LiCIO4 (electrolyte solution). Consecutive concentration additions of BaP within a
concentration range of 939 to 4852 ppb was then added to the electrolyte solution

respectively (Figure 51).
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Figure 51. SWV analysis of benzo(a)pyrene (B) at the modified polymer SPCE (A) in 0.1
M LiClOg in the concentration range 939 to 4852 ppb, at 50mV/s.
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2 peaks were identified during the evaluation of BaP at potentials of -0.85 V vs Ag/AgCl and
-0.67 V vs Ag/AgCl attributed to the polymer peak and BaP peak (Figure 51). The peaks
represent by the voltammogram of BaP can be attributed to the respective steps in the
oxidation mechanism of BaP. The change in observed peak currents occur as a result of
consecutive concentration addition which was used to plot a calibration curve of current
versus concentration. The calibration curve for BaP provided useful quantitative analysis in

the determination of the LOD. The LOD was related to the minimum concentration that can

be detected by the system.

Scheme 10. Electrochemical oxidation of benzo(a)pyrene.

The initial step in the oxidation process of BaP is a one-electron transfer process which results
in the formation of radical ion species. Nucleophilic attack by water occurred at the carbon
atom with the highest positive charge density. This then led to the formation of the
hydroquinone structure (Scheme 10).[90, 113]

The high capacitive background current was attributed to the charging and discharging of the
electrochemical double layer at the surface of the electrode. The use of the SPCE and the
modification of its surface with the polymer material both contributed to the high capacitive

current. Similarly during the detection of the PAHSs at the bare screen printed carbon platform
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a sigmoidal curve was employed. The Boltzmann fit was used for fitting the data in the

calibration curve (Figure 52).
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Figure 52. Calibration curve of the screening of BaP.

The background capacitive still remained high due to the polymer material at the surface of
the screen printed carbon electrode. The peak current versus the concentration of the FLA
gave rise to a sigmoidal calibration curve. Hydrophobicity is another factor influencing the
competition at the binding sites as the binding affinity of PAHs (cross-reactivity)
predominantly contributes to the analytical signal. The hydrophobicity of porous films can
be attributed to the trapped air within the pores, this causes the prevention of water from
entering the pores resulting in a higher contact angle. The hydrophobicity of the polymer
material is greatly dependent on the type of dopant used.[197] Consecutive concentration
additions of FLA within a concentration range of 252 to 4816 ppb was then added to the

electrolyte solution respectively (Figure 53).

100 | Meryck Ward PhD Thesis

http://etd.uwc.ac.za



70

60
50
<T
—_
i
| e
D 30
L S
-
20
O
10
o

-1.0 -0.5 0.0 0.5 1.0

Potential (V)

Figure 53. SWV analysis of fluoranthene (B) at the modified polymer SPCE (A) in 0.1 M
LiClO4 in the concentration range 252 to 4816 ppb, at 10mV/s.

2 peaks were identified during the evaluation of FLA at potentials of -0.85 V vs Ag/AgCl
and -0.54 V vs Ag/AgCl attributed to the polymer peak and FLA peak. The peaks represent
by the voltammogram of FLA can be attributed to the respective steps in the oxidation
mechanism of FLA. The change in observed peak currents occur as a result of consecutive
concentration addition which was used to plot a calibration curve of current versus
concentration. The calibration curve for FLA provided useful quantitative analysis in the
determination of the LOD. The LOD was related to the minimum concentration that can be

detected by the system.
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Figure 54. Calibration curve of the screening of FLA.

Based on the above calibration curve it is evident that the data follows a sigmoidal calibration
curve, indicative of competition for attachment to the available binding sites at low
concentrations (Figure 54). The calibration data was modelled as a Boltzmann fit which is
based on the non-linear least squares method. The electrochemical parameters selected for
the detection of PAHs as well as the results determined from the calibration plot have been
tabulated below. The RSD value is an indication of the dispersion or spread of the data
results, for n=3 (Table 19).
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Table 19. Electrochemical parameters and calibration data for BaP and FLA.

Polycyclic Aromatic Hydrocarbons

BaP FLA
Potential Window (V) -1.0to +1.0
Scan Rate (mV/s) 50 10
Peak Potential (V) -0.68 -0.54
LOD (ppb) 9.46x107 1.07x107
LOQ (ppb) 3.12x10°® 3.54x10°
R? 0.9975 0.9941
Slope (LA/ppb) 712.04 627.21
% RSD 115 115

Calibration data for individual PAHSs species using the Boltzmann plot gave rise to a LOD
(n=3) for BaP and FLA, found to be 9.46x107 and 1.07x107° ppb respectively. The
Boltzmann provided high sensitivity (slope of the linear region in the curve) of 712.04
HA/ppb and 627.21 uA/ppb respectively. Linearity coefficient (R?) was determined to be
0.9975 and 0.9941 for BaP and FLA. The voltammetry of urine sample containing BaP was
explored at a pencil graphite electrode using adsorptive stripping SWV. This technique was
used to determine BaP with a limit of detection of 33 ppb, with a sensitivity and linear
regression of 161.54 pA/ppb and 0.9970 respectively.[103] An immunosensor prepared at a
GCE was used to detect BaP in phosphate buffer (pH 7.4) using CV. The detection of BaP
at immunosensor produced a sensitivity of 0.30 pA/ppb with a limit of detection of 8x107°
ppb (R? = 0.9853).[213] DPV was used to detect BaP at a bare GCE in 0.2 M NaClO4, a
limit of detection of 0.17 ppb was obtained. The sensitivity of the system towards BaP was
found to be 3x10° uA/ppb, with a linear regression of 0.9980.[53] The lack of literature for
the detection of FLA results as it is no longer considered as a potential carcinogen to humans.
However, the more common methods for the evaluation of FLA is fluorescence spectroscopy
and high performance liquid chromatography.
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6.3 Quantitative analysis of a complex mixture containing benzo(a)pyrene and
fluoranthene

A complex sample matrix was prepared by combining stock volumes of BaP
and FLA (1:1) into one solution. The electrochemical window used for the oxidative SWV
of BaP and FLA was set at -1.0 to +1.0 V. A scan rate of 10 mV/s was achieved by setting
the frequency at 10 Hz and the step potential at 1 mV vs Ag/AgCIl. The modified polymer
transducer was used in the quantitative determination of BaP and FLA in4 mL 0.1 M LiClOg4
(electrolyte solution). Consecutive concentration additions of the complex mixture was then

added to the electrolyte solution respectively (Figure 55).
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Figure 55. Electrochemical screening of the complex matrix at the polymer platform.

The SWV voltammogram revealed 3 well defined peak attributed to the polymer (A), BaP
(B) and FLA (C). These peaks are observed at -0.86 V vs Ag/AgCl, -0.70 V vs Ag/AgCl and
-0.54 V vs Ag/AgCl for the polymer, BaP and FLA respectively (Figure 55). Evidence from
the voltammogram for the complex matrix can be used to clearly distinguish between the

polymer and PAHs peaks. The PAHs are well defined and clearly be identified and

104 |Meryck Ward PhD Thesis

http://etd.uwc.ac.za



quantified within the complex matrix. Similarly during the detection of the BaP and FLA at
the polymer platform a sigmoidal curve was employed. The Boltzmann fit was used for

fitting the data in the calibration curve.
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Figure 56. Calibration curves for the complex matrix containing BaP (above) and FLA
(below).
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The calibration curve provided data that followed a sigmoidal calibration curve, indicative
of competition for attachment to the available binding sites at low concentrations (Figure
56). The calibration data was modelled as a Boltzmann fit which is based on the non-linear
least squares method. The electrochemical parameters selected for the detection of PAHSs as
well as the results determined from the calibration plot have been tabulated below. The RSD

value is an indication of the dispersion or spread of the data results, for n=3 (Table 20).

Table 20. Electrochemical parameters and calibration data for the species in the PAHs
mixture.

Polycyclic Aromatic Hydrocarbons

BaP FLA
Potential Window (V) -1.0to +1.0
Scan Rate (mV.s) 10
Peak Potential (V) -0.70 -0.54
LOD (ppb) 4.10x10°° 2.17x10°
LOQ (ppb) 1.35x10° 7.16x10°
R?2 0.9933 0.9971
Slope (LA/ppb) 626.64 781.19
% RSD 14.7 (n=3) 27.8(n=3)

Calibration data for individual PAHs species within the mixture using the Boltzmann plot
gave rise to a LOD (n=3) for BaP and FLA, which was found to be 4.10x10° ppb and
2.17x10° ppb. The Boltzmann provided high sensitivity (slope of the linear region in the
curve) of 626.64 LA/ppb (BaP) and 781.19 pA/ppb (FLA) respectively. Linearity coefficient
(R?) was determined to be 0.9933 and 0.9971 for BaP and FLA. Many literature reports have
evaluated these complex PAHs mixtures using HPLC and GC methods. No information is
provided in literature about the detection of these 2 PAHSs species in a complex mixture using
voltammetric techniques. Studies have been performed to determine the possible toxic

effects of these PAHSs species on human breast cell line (MCF-7 cells).

Acute toxicity of these PAHs have been rarely reported in humans, fish or other wildlide

species due to low limits of exposure to an indidvidual PAHs species. PAHSs are however
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associated with chronic risks which have the potential to lead to cancer. Chronic risks result
from the exposure to complex PAHs mixtures rather than individual PAHSs species. Based
on the initial evaluation of the selected PAHSs at the polymer modified electrode, it was
determined from the oxidation SWV that BaP and FLA provided the most well defined redox
peaks. Further evaluation of the selected 2 PAHs was performed to better understand the
redox behaviours in aqueous medium. Information obtained from the individual PAHs
behaviour allowed for the BaP and FLA to be combined into a complex matrix. The
evaluation of the complex matrix revealed 3 well defined electrochemical peaks attributed to
the polymer material, BaP and FLA. BaP is the most commonly evaluated PAHSs due to its
carcinogenic abilty, it has therefore been extensively explored by HPLC, GC and
electrochemical methods. The maximum contamination level for BaP determined by the
U.S. EPA (1974) was 0.2 ppb in drinking water with the WHO determining a limit of 0.7
ppb. FLA currently is not considered a significant health risk PAHSs in drinking water.

HPLC using FLD, UV and DAD detectors have all been used in the determination of both
BaP and FLA. Detection limits determined from HPLC for BaP range between 1.00x1073 to
8.30x10° ppb, whereas FLA detection limits range from 9.00x10 to 2.00x10% ppb. Wide
ranges of PAHSs in a complex sample matrix was determined by HPLC. A wide range of
electrochemical sensors were employed in the detection of BaP, with sensors including
Immunosensors, DNA-biosensors, unmodified glasssy carbon and boron doped diamond
electrodes.  Electrochemical techniques such as amperometery, differential pulse
voltammetry and electrochemiluminescence were performed to find detection limits for BaP
in the range of 6.00x10° to 146 ppb. Not much information is provided about the
electrochemical detection of fluoranthene. However a Hg film sensor was developed for the
detection of multiple PAHs such as phenanthrene, pyrene, anthracene and fluoranthene. The
limit of detection for FLA was found to be 3.20x10? and 2.60x10! ppb for seawater and
buffer solutions respectively. Very few information is provided on chemical sensors for the

evaluation of multiple PAHSs in a complex mixture.

The selective determination of these PAHSs as individuals and in a complex mixture provided

a principle basis for these PAHSs to be detemined in a multichannel design. The electrode
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employed in the multichannel design consisted of 8 working electrodes. The screening of
BaP and FLA allows for the possibility to employ the use of the 3 and 4" working electrodes
in the multichannel design. The complex mixture allows for these 2 PAHSs to be screened at

1 working electrode rather than 2 working electrodes in the multichannel setup (Figure 57).
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Figure 57. Conclusions based on the information obtained during the evaluation of PAHSs at the polymer modified screen printed
carbon electrode surface.
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» High Performance Liquid
Chromatography Identification,
Separation and Detection of Polycyclic
Aromatic Hydrocarbons in the

presence of Interfering Species

The separation of 8 PAHs using HPLC-UV method allows for retention times to be
determined and used for quantitative and qualitative analysis. The quantification of an

individual polycyclic aromatic hydrocarbon will be explored within a mixture.

7.1 Introduction

PAHs have traditionally been separated by GC and HPLC, with HPLC
methods being useful for PAHSs analysis as UV and fluorescence detection have been found
to offer enhanced selectivity.[78, 122, 191] HPLC instrumets can be equipped with three
different detectors of which include UV, FLD and dioide array detector (DAD). HPLC
methods can perform suitable analysis of compounds with higher boiling points and
molecular weights. HPLC methods were developed for simultaneous determination of
PAHSs, however there are alternative methods for PAHSs detection such as FLD due to the fact
that most PAHs compounds have high natural fluorescence.[36, 132] A newly developed
method efficient and reliable analytical method was developed for sensitive and selective
quantification of PAHSs in soot samples. LOQ limits ranged between 0.64 (BaP) to 19.0
(indeno(1,2,3-cd)pyrene — 1(1,2,3-cd)P) ng/kg in soot samples. Recoveries from spiked real
soot samples were approximately 90 %.[11] Smoked fish products from a Turkish market

were evaluated in order to determine the levels of potently carcinogenic PAHs. This method
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was used for the simultaneous detection of 16 PAHs salmon and trout samples, the
concetration range of total PAHs varied between 23.83 to 79.74 ug/kg. Analysis revealed
that LMW PAHSs were in higher levels than HWM PAHSs. Levels of the carcinogenic
compounds which include BaA, benzo(b)fluoranthene (BbF), BKF and B(g,h,i)P was found
to be between 0.44 to 9.55 ug/kg.[24] A validation method was developed for the extraction
and determination of 16 PAHSs from waste water and sediments. Calibration curves provided
good linearity for all investigated PAHs compounds, R? between 0.991 to 0.996 in a
concentration range between 2 to 300 ppb. Analysis obtained from spiked water and
sediment samples gave rise to recoveries between 78 to 100 % and 82 to 106 % respectively.
Determined LOD and LOQ from the samples were found to be between 0.01 to 0.51 ppb and
0.03 to 1.71 ppb respectively.[109] Sixteen PAHSs in fish fillets were determined by HPLC-
UV and FLD, with the method employing a multiresidue sample preparation method.
Wavelengths used in the analysis of these PAHs compunds were 230 nm (UV) and varying
wavelegths for FLD (dependent upon the fluorescent ability of the PAHs). Determined
recovery values were found range between 83.4 to 101 %with relative standard deviation
between 0.6 to 1.9 %. LOD and LOQ values were found to range between 0.04 to 0.84 ng/g
and 0.1 to 2.80 ng/g respectively.[25]. Other methods used for PAHs detection include
various electrochemical biosensors, adsorptive stripping voltammetric determination or
electrochromatography with mass detection.[19, 50, 66, 202, 218] The major problems
associated with using HPLC analysis is that PAHSs give rise to sturctual similarities, which
PAHs peaks tend to overlap resulting in problems during identification. These many
inteferences when performing HPLC analysis is of great concern. PAHs determined from
oils and fats samples are time consuming and expensive due to the lipophilic matrices which
are complex to isolate from one another.[141] BaP one of the most occuring and problematic
(potent) PAHs and various other pahs have been classified as probable human

carcinogens.[70]

In this chapter selected PAHSs based on electrochemical measurements were evaulated using
an HPLC-UV detection. Concentration profiles of the selected PAHs were studied, to

determine their respective retention times. A complex matrix of 4 selected PAHs were
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evaluated to determine the behaviour of the PAHSs in the complex matrix. PYR was selected
as the PAHSs of interest due to its close relationship (retention time) with other PAHSs.
Consecutive concentration additions of PYR were determined within the complex matrix and

its respective detection limit was determined.

7.2 Experimental

Reagents and Chemicals

All reagents were analytical or HPLC grade. Acetonitrile (CH3CN) and all
PAHs were purchased from Sigma-Aldrich. PAHs used in the study include BaP, FLA, PYR

and 1-OHP, whose chemical structures can be seen below (Figure 58).

Fluoranthene Benzo[a]pyrene 1-Hydroxypyrene Pyrene

Figure 58. Chemical structures of the polycyclic aromatic hydrocarbons is within this
work.

7.3 Standard solutions

Stock standard solutions were prepared by dissolving 10 mg of the desired
PAHs in 20 mL CH3CN. Sonication was used to assist the dissolving of the PAHSs, when
completely dissolved the PAHSs stock standards were futher diluted to 50 mL with CH3CN.
Appropriate dilutions were made of the respecive PAHSs standards in order to simulate the
electrochemical screening of the PAHSs. Intial work invovled the profiling of the relative
standards before a mixture of all individual standards was prepared. The mixture was

prepared by pipetting 1 mL from from each individual stock standard.

7.4 Instrument and instrument conditions
All analysis was performed using an Agilent 1200 Series HPLC equipped
with a UV detector set at a wavelength of 254 nm and a capillary pump.[3, 16, 136, 160] All
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data obtained was processed using HPLC 3D ChemStation Software, with HPLC conditions
being tabulated below (Table 21).

Table 21. HPLC conditions used for the identification of PAHSs.

Column | Agilent Eclipse XDB

C18

5um

4.6 x 150mm
Flow Rate | 1ml/min

Column Temperature A Room temperature
Injection Volume | 20l

Run Time = 20min

Mobile Phase (Isocratic) | 75% CH3CN : 25% H20
Detection | UV at 254 nm

7.5 Interference species and sample preparation

All other PAHSs used in the combined stock standard besides the target PAHs
(PYR) was used as interfering species. The sample preparation involved adding excess
volumes (varying concentrations) of BaP into the combined stock standard, this allowed for

a concentration profile of BaP to be determined.

7.6 Results and Discussion

7.6.1 Chromatographic results of standard profiles

HPLC analysis was conducted by using 20 pL injections of the combined
stock standards, detection occurred via UV at 254 nm. The mobile phase (75% CHsCN :
25% H>0) solvents required thorough degassing prior to use.  Initial HPLC work was
perfomed on individual PAHs stock standards, with each PAHs being clearly identified.
Standard profiles of the PAHs compounds found to be sensitive during the electrochemical
screening process were determined. BaP a marker for the indication for the presence of PAHs
contamination was studied by consecutive concentration of BaP (2.04 to 204000 ppb) to
determine its respective standard profile (Figure 59). Data from the BaP chromatogram was

tabulated and used in the determination of the calibration curve(Table 22).
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Figure 59. Concentration profile of benzo(a)pyrene standard.
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Table 22. Chromatographic data for the BaP standard profile.

BaP STD Concentration Peak Area

SAMPLES ) (MAU)

1 (Stock) 204000 24793.50
20400 2438.47

2040 283.59
204 48.43
20.4 31.36
2.04 16.65

The calibration curve profile for the BaP standard was determined and a linear regression of
0.9999 was found (Figure 60). The sensitivity of BaP was determined to be 0.1214
mAU/ppb.
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Figure 60. Calibration curve for benzo(a)pyrene standard solution.
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1-hydroxypyrene a urinary biomarker was also studied as a standard profile by HPLC.
Concentration values ranged between 2.06 to 206000 ppb which gave rise to the

concentration profile in the chromatogram (Figure 61).
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Figure 61. Concentration profile of 1-hydroxypyrene standard.

Peak areas were plotted against their respective concentration values to determine the
calibration curve of 1-hydroxypyrene (Table 23). The calibration curve provided

information such as slope (sensitivity) and linear regression.
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Table 23. Chromatographic data for the 1-hydroxypyrene standard profile.

BaP STD Concentration Peak Area

SAMPLES ) (MAU)
206000

7863.48

20600 1130.63
2060 502.09
206 490.82
20.6 368.39
2.06 379.33

The linear regression and sensitivity of 1-OHP was found to be 0.9998 and 3.61x107?
mAU/ppb respectively (Figure 62).
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Figure 62. Calibration curve for 1-hydroxypyrene standard solution.
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The standard profile of FLA was studied by consecutive concentration additions which
ranged between 2.06 to 206000 ppb (Figure 63). Information based on the consecutive
concentration additions was tabulated and used in the determination of the calibration curve

(Table 24).
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Figure 63. Concentration profile of fluoranthene standard.
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Table 24. Chromatographic data for the fluoranthene standard profile.

BaP STD Concentration Peak Area

SAMPLES (ppb) (MAU)
1 (Stock) 206000

7863.48

20600 1130.63
2060 502.09
206 490.82
20.6 368.39
2.06 379.33

A linear regression of 0.9999 and a sensitivity of 4.85x10-2 mAU/ppb was respectively
determined from the calibration curve of FLA (Figure 64).
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Figure 64. Calibration curve for fluoranthene standard solution.
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The final PAHSs selected for the HPLC evaluation was PYR represented in the chromatogram
below (Figure 65). A consecutive concentration profile of PYR (2.12 to 212000 ppb) was
determined using this HPLC method (Table 25).
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Figure 65. Concentration profile of pyrene standard.
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Table 25. Chromatographic data for the pyrene standard profile.

BaP STD Concentration Peak Area

SAMPLES (ppb) (MAU)
1 (Stock) 212000

8618.42

21200 1016.47
2120 143.60
212 48.34
21.2 41.96
2.12 33.96

Table 26. Calibration standard profile data for PAHs determined from electrochemistry.

PAHs standard Slope Linear Retention Time
(Sensitivity) Regression (min)
(ppb/mAU) (R?)
BaP 1.21x10" 0.9999 10.7
FLA 4.85x107? 0.9999 4.8
1-OHP 3.61x107 0.9998 2.1
PYR 4.039x107 0.9998 5.8

Information obtained from the standard profile of the selected PAHSs, included retention
times, slope sensitivty and linear regression. Retention times of the selected PAHSs allowed
for each PAHSs to be clearly identified and separated (Table 26).
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7.6.2 Chromatographic results for the complex mixture
The chromatogram shows the behaviour of the complex mixture where the

PAHSs can be clearly separated and identified (Figure 66).
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Figure 66. Combined cocktail standard containing: 1. 1-OHP, 2. FLA, 3. PYR, 4. BaP.

The concentration levels within the complex matrix ranged between 5100 to 5300 ppb.
Retention of the selected PAHSs in the complex matrix were determined based on the

chromatographic results (Table 27).

Table 27. PAHs complex matrix data.

PAHs standard Concentration Retention Time

(ppb) (min)

BaP 5100 12.49
FLA 5100 5.24
1-OHP 5150 2.19
PYR 5300 5.89
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An extra peak is observed in the PAHs complex matrix, however this is observed in the
standard profiles of the individual PAHSs (Figure 67). The reason the peak is observed is due
to the low concentrations of the PAHs in the complex mixture. In the stock PAHs
concentrations the peak area of the additional peak is relatively low, 177 mAU. PYR was

selected for consecutive concentration additions due to its close relationship (retention times)

with FLA.
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Figure 67. Consecutive concentration additions of pyrene into the complex mixture.

An increase in the PYR peak area is observed as the concentration is increased, however as
the concentration of the PYR is increased the concentration of the other standards decrease.
The peak area of the other PAHSs decrease with an increase in the peak area of PYR. A slight
shift in the retention times from the individual to the complex mixture can be observed (Table

28).
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Table 28. Shift in retention times for PAHSs.

Individual i/(l)iTtﬂlf:
PAHSs standard Retention Time . .
. Retention Times
(min) i
(min)
BaP 10.7 12.6
FLA 4.8 5.3
1-OHP 2.1 2.2
PYR 5.8 59
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Figure 68. Calibration curve of PYR in the complex PAHs matrix.

The sensitivity of the PYR was found to be 0.01058 mAU/ppb, with a limit of detection of
136 ppb (R? = 0.9879) (Figure 68). The more commonly used method for PAHs detection
has been explored and it has been determined that PAHs can be identified and separated using
the method within this chapter. The mobile phase (75% CHsCN : 25% H,O) used, was
degassed before use in order to avoid any other interfering factors during analysis. The other

PAHSs species within the complex matrix was used as interfering species and the evidence

124|Meryck Ward PhD Thesis

http://etd.uwc.ac.za



clearly indicated that there was no effect on the PYR peak. The developed method has proven
that PYR was identified, separated and detected at consecutive concentrations. The CHsCN
has proven to be an excellent solvent in the identification and separation of PAHs, however
CH3CN is not environmentally friendly and is relatively expensive to purchase. Due to this
fact it tends to make the method fairly expensive for identification and separation of PAHSs.
Further optimization to improve the limit of detection is possible, provided that the initial
starting concentration is at a low enough concentration. The main aim of the HPLC
experiment was to demonstrate the principle of identifying the selected PAHs from the

electrochemical evaluation of PAHS.

Many HPLC methods have been used to evaluate a wide range of PAHSs including the PAHs
determined by the electrochemical methods in this work. An HPLC technique using an
acetonitrile gradient mobile phase was used to evaluate a complex mixture of 18 PAHs. Of
the 18 PAHSs evaluated PYR, FLA and BaP were among them. A detection limit for these 3
PAHs were determined to be 0.02, 0.14 and 0.01 ppb. The detectors employed by the
technique have an influence of the limits of detection, where FLD has better limits of
detection compared to the photodiode array (PDA) detector.[175] An HPLC-FLD method
was used in the determination of the priority pollutantsiusing a gradient solvent program
(acetonitrile). Respective retention times of FLA, PYR and BaP were determined by
fluorescence and were found at 24.3, 25.4 and 33.9 min respectively. The column used for
the evaluation of these PAHSs species was Supelcosil C1s column (4.6 x 250 mm, 5 pum
particle size).[193] 1-OHP and PYR were determined by HPLC-FLD using an acetonitrile
mobile phase, 60 % for 1-OHP and 85 % for PYR. A Kaseisorb column (250 x 4.6 mm) was
used at a flow rate of 1.0 ml/min. The retention times determined for 1-OHP and PYR were
4.8 min and 11.8 min with a limit of detection of 0.05 ppb and 0.025 ppb, respectively.[111]
The limit of detection of PYR determined from literature and the guidelines determined by
the WHO are greater than the limit determined within this work. Retention times differ which

can be attributed to the column used.

The stationary phase in the HPLC column is the most important factor when selecting

columns for HPLC separation. Silica columns are the most often used as they are able to
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work under pressure and has a neutral pH. The stationary phase has a major effect on the
resolution, stability, retention time, reproducibility and peak shape. The standard column
often employed for HPLC analysis is the column containing a stationary phase with particle
sizes between 5 to 10 pum in a 250 x 4.6 mm length column. Smaller particle sizes (3.0 and
3.5 um) in short columns can give rise to higher efficiency and high resolution within a short
time.[40]

Interfering species can be classified into two categories, those that are already present in the
matrix (endogenous suppressors) and those not originally in the matrix (exogenous
suppressors).  The endogenous suppressors include salts, highly polar compounds,
surfactants and various other organic compounds (carbohydrates, amines, lipids, peptides).
The exogenous suppressors include plastic, polymer residue, phthalates, ion pairing reagents,
organic acids and buffers.[13, 181] The problems associated with low levels of detection of
PAHSs results from the complexity of the sample matrix containing PAHs by products. The
petroleum matrix contain PAHSs substituted with aliphatic or alicyclic groups.[69] For the
determination of PAHSs in pesticides interference by phthalate esters, a large eluting peak is

observed in the chromatogram.[84]
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" Conclusion and Future Work

8.1 Conclusion

Electrochemical sensors are usually robust, relatively inexpensive and easy to
prepare. Electrochemical sensors used in the detection of organic pollutants in a multi array
design has not been greatly explored due to the lack of simultaneous detection ability. A
new design incorporating electrochemically prepared materials into a mutli array design for

the simultaneous detection of PAHSs is needed.

A novel Schiff base monomer material was prepared under controlled reflux condensation
reaction. This novel material was then extensively characterized in terms of spectroscopy and
microscopy in order to confirm the new azomethine bond in the aldol condensation product.
This bond is evident in Schiff base materials, resulting from the reaction between an aldehyde
derivative and a primary amine.  The Schiff base monomer was then electrochemically
polymerized onto the surface of a screen-printed carbon electrode as a thin film. This novel
polymer material was then electrochemically evaluated to determine its redox properties.
The electrochemically synthesized polymer material was used as the electrochemical
transducer in the evaluation of selected PAHs. PAHSs are a ubiquitous group of organic
pollutants which result from incomplete combustion of fossil fuels. PAHSs are released into
the atmosphere as particulate matter, they can be transported over great distances depending
on their half-life and molecular weight. The most widely reported PAH is benzo(a)pyrene
and has been labelled along with other PAHSs as potential carcinogens to humans by different
environmental protection agencies. The carcinogenic PAHs metabolize within the human
body to form DNA adducts which ultimately result in mutation in the body that predispose
cancer. The environmental protection agencies (U.S EPA and E.U EPA) have declared a
respective list of priority PAHs based on the threat to human health. Most detection,
monitoring and screening work has been performed on these priority 16 PAHs. Literature

reports typically focus on sensors for individual PAH species during analysis. The more
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common methods for evaluating PAHs are differential pulse voltammetry, anodic stripping
square wave voltammetry, amperometry and cyclic voltammtry. Cyclic and square wave
voltammetry of the selected PAHs were explored and through the determination of their
redox behaviour using these techniques, it was determined that square wave voltammetry
would be the principle technique. In this work, square wave voltammetry was explored as
the principle technique to evaluate the interaction between the selected PAHs species and the
novel polymer electrochemical platform. Screening of a wide range of PAHSs in agueous
media (deliberately avoiding acetonitrile in the development of this method) showed that 1-
hydroxypyrene and pyrene produced the best defined peaks at +0.20 V and -0.54 V vs
Ag/AgCI respectively. These 2 selected PAHs species were quantitatively assessed by
standard addition method analysis using square wave voltammetry. The electrochemical
window selected for the oxidative SWV was -1.0 to +1.0 V. A scan rate of 50 mV/s was
achieved by setting the frequency at 10 Hz and the step potential at 5 mV. The working
electrode in the 3 electrode electrochemical cell was a SPCE and the electrolyte solutions
were 0.1 M HCl and 0.1 M LiCIQg, in separate experiments. The LOD for pyrene was found
to be 1.77x107 ppb with a correlation coefficient of 0.9989. The sensitivity of the system
determined from the slope of the calibration was found to be 585.81 pA/ppb based on the
non-linear least sqaures method of data fitting. The LOD (n=3) for pyrene was determined
to be 6.00x10* ppb with a correlation coefficient of 0.9924. The sensitivity of the system
determined from the slope of the calibration was found to be 338.61 pA/ppb. These
calibration curves obeyed a sigmoidal regression analysis fit, indicative of competition for
attachment to the available binding sites at low concentrations due to the size of the molecule.
The calibration data was modelled as a Boltzmann fit which was based on the non-linear least
squares method, while the sensitivity of the system was determined from the linear region of
the resulting plot. According to the U.S EPA there is insufficient information about pyrene
to classify it as a potential cancer causing substance. Information obtained in this work was
compared to literature reports and the limits of detection obtained are greater than those from
literature. Literature reports by Mailu, S.N et. al; Tovide, O.0. et, al, and Boikanyo, D. et.al,
cite detection limits for pyrene using polymer based chemical sensors of 546 ppb, 0.3 ppb

and 0.3 ppb respectively. Health organizations and safety agencies have developed
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occupational limits for 1-hydroxypyrene which ranged between 1.00 to 10.00 ppb. Literature
reports by Castro, A.A. et al., 2004, Shen, C. et al., 2012, and Yang, D.-H. et al.,2017 on
chemical sensors used for the detection of 1-hydroxypyrene, report detection limit of 0.2
ppb, 8 ppb and 0.07 ppb respectively. The limits obtained within this work are below those
set by various health organization, safety agencies and literature reports for the detection of
1-hydroxypyrene. Other PAH species were more difficult to conclusively analyse,
displaying variable redox behaviour under the predetermined electrochemical conditions i.e.
anthracene (-0.93 V), benzo(a)pyrene (-0.73 V), chrysene (-0.58 V ), naphthalene (+0.21 V
) and phenanthrene (-0.55 V) vs Ag/AgCl, reported oxidation peaks that did not show
consistent concentration dependence for effective analytical evaluation. The remaining
evaluated PAHs showed no identifiable electrochemical signal under the experimental
conditions i.e. 7,12-dimethylbenz(a)anthracene, acenaphthylene, benzo(b)fluoranthene and
fluoranthene. It is well known that these fused ring systems require high oxidation potentials,
further development of the analytical conditions and suitable paltforms may be required for
effective analysis of the whole range of PAHs under investigation. Literature reports that
reversible PAHs redox couples are observed when using higher scan rates (< 1 V/s). The
solubility of PAHs plays an important role in the detection as high molecular weight PAHs
which tend to be problematic to dissolve. PAHSs solutions for analysis were prepared in the
mmol/L concentration range. Future work will focus on fast scan rate electrochemistry as
another possible way to enhance detection of these PAHSs at the novel polymer electrode

developed in this work.

Conducting polymers are materials which have a wide range of favourable properties which
can be manipulated to trap simple anions and to produce materials with different
conductivities, capacitance or redox properties. PPy a material that has been extensively
studied due its ability to operate in a wide range of potential applications and the mimicking
of biological systems is an example of these CP materials. Actuators using these polymer
materials can deform or bend into a different shape due to the response of being electrically
stimulated. Polymer conformations in a zig zag design play an important role in the actuation
mechanism. Volume changes within the polymer materials generated by the presence of
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redox processes can be linked to conformation changes. The expansion and contraction of
the polymer materials in the zig zag conformation have the potential to trap anions within the
free volume space between the polymer backbones. These polymer materials in the zig zag

conformation bodes well for the use in the detection of PAHS.

The novel Schiff base polymer platform that was used for the evaluation of the selected PAHs
in 0.1 M LiCIO4. Benzo(a)pyrene and fluoranthene, displayed the best defined peaks in
square wave voltammetry and as a result was quantitatively determined. Calibration data for
individual PAHSs species using the Boltzmann plot gave rise to a LOD (n=3) of 9.46x10" and
1.07x10° ppb for benzo(a)pyrene and fluoranthene respectively.  The Boltzmann fit
provided high sensitivities (slope of the linear region in the curve) of 712.04 pA/ppb and
627.21 UuA/ppb respectively. Linearity coefficient (R?) was determined to be 0.9975 and
0.9941 for benzo(a)pyrene and fluoranthene. Literature reports for benzo(a)pyrene included
Keskin, E. etal., 2010, Zhang, Y. et al., 2014 and Du, C. et al., 2015 all of which determined
limits of detection for benzo(a)pyrene. Keskin, E. et al., 2010, and Du, C. et al., 2015
determined limits of detection of 33 ppb and 0.17 ppb using a chemical sensor. An
immunosensor developed by Zhang; Y. et al., 2014 was used to determine a detection limit
of 8x107° ppb. The presence of fluoranthene in drinking is very low which led to the world
health organization not recognising fluoranthene as a potential hazard to human health.
However, the more common methods for the evaluation of fluoranthene, is fluorescence
spectroscopy and high performance liquid chromatography. The maximum contamination
level for benzo(a)pyrene in drinking water according to the world health organization is 0.7
ppb. The novel polymer electrode reported strong analytical signals for 1-OHP (-0.16 V),
7,12-dimethylbenz(a)anthracene (-0.46 V), acenaphthylene (-0.50 V), chrysene (-0.56 V),
naphthalene (-0.62 V), pyrene (-0.43 V) and triphenylene (-0.58 V) vs Ag/AgCIl when
evaluated as individual species. These PAHs species however were difficult to quantify in
mixed samples, the analytical signals became suppressed or completely lost during
voltammetric screening. No redox peaks were observed for anthracene and phenanthrene at
the polymer electrode. The novel actuator type polymer facilitated the detection of PAHs at
lower levels of detection compared to those stipulated by the world health organization. A
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mixed sample of benzo(a)pyrene and fluoranthene in 0.1 M LiClO4 was evaluated in the same
manner as the individual PAHSs species. The LOD (n=3) for benzo(a)pyrene and fluoranthene
was found to be 4.10x10°° ppb and 2.17x107° ppb, respectively. High sensitivities (slope of
the linear region in the curve) of 626.64 pA/ppb (BaP) and 781.19 pA/ppb (FLA) were
obtained with a linearity coefficient (R?) of 0.9933 and 0.9971 for BaP and FLA. To the best
of our knowledge this work represents the first report for chemical sensors applied to a mixed
sample of benzo(a)pyrene and fluoranthene. However, the polymer platform exhibits high
background capacitive current, which can have a negative influence on detection in the lower
concentration range. Slow scan rates used for the detection of PAHSs at the polymer platform
(similarly to the unmodified platform) may also affect the reversible nature of the PAH

electrochemistry at these electrodes.

The most commonly used methods to detect multiple PAH species remain the
chromatogaphy techniques, notably HPLC (ultraviolet, fluorescence and diode array
detectors) and GC. A wide range of PAHs have been detected using these methods, however,
they also have their inherent disadvantages. In our work HPLC was used in the validation of
standards to evaluate the calibration trends as a framework supported by literature. HPLC
used for multi analysis, typically employed pyrene as the marker compound due to its ability

to be clearly identified in close proximity to other PAH species.

As a first step towards multi element analysis by electrochemical methods, we explored the
use of a multichannel potentiostat coupled to an 8 electrode array in a wall jet configuration.
Electrochemical sensors that have been explored have only detected individual PAHSs rather
than PAHSs in a mixed sample or the simultaneous detection of PAHs. The multi array
analytical protocol has the potential to overcome the limitations of individual sensors. The
sensors developed in this work (and others) may be incorporated onto a SPCE (DRP-8X110)
array electrode with eight working electrode sites.

Combined with a multichannel potentiostat (uStat 8000P) individual samples or mixed
samples, optimized for up to 8 individual analyte species, may be evaluated. A peristaltic

pump dosing system may be employed to deliver the sample to the respective electrode,
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where electrochemical paramters are selectively controlled. Such an experimental setup is

proposed (Figure 72) for multi-element analysis of PAH species.

Peristaltic Pump

Cable connection box

D"P-CASWP (CASTsx)
mDRoF S ENns

R R R Ry A R ]

Flow Cell (wall jet - FLWCLSX)_—_____' —
with

Screen Printed Carbon Electrode
-~ (8X110)

Figure 69. Proposed multi array setup for the simultaneous detection of polycyclic
aromatic hydrocarbons.

Initial developmental work (subject to resources) has been attempted in our current project,
but requires further major development and optimization to produce reliable and reproducible
multi-element PAH analysis comparable to HPLC methods. Based on the preliminary work
on the provisional multichannel setup constructed in our laboratory, which was tested for up
to 4 PAHSs, we confidently propose the hypothesis for the development of the multichannel

approach for analysis of up to 8 PAH species in future research in this field (Figure 73).

The Schiff base polymer holds great promise for alternative applications such as organic solar
cells, supercapacitor materials as well as sensors for metal ions and PAHSs detection. The use

of Schiff base metal complexes as photovoltaic materials have gained interest due to the ease
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of synthesis and complexation with metal ions. The favourable properties of these Schiff
base materials and their metal complexes include high thermal stability, wider range of
absorption, lower band gap and good electrical conductivity properties. These favourable
properties make these materials attractive for application in energy storage systems such as
supercapacitors. Supercapacitors or double-layer supercapacitors are devices that have the
ability to store energy due to the charging of the double electric layer at the electrode surface
and electrolyte interface. Supercapacitors have the advantage of lower specific energy
properties, compared to other batteries. Other attractive features include highly reversible
charge-storage performance, longer cycle lives and rapid charge and discharge ability at high
power densities (1 kW/kg). Overwhelming evidence in literature supports the use of Schiff

base complexes in energy application such as photovoltaics and supercapacitors.
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Abstract: Recent developments in the field of biomimetic systems demand mechanical systems that
are capable of delivering high power output per volume or mass. Volume changes within
the conducting polymer layers are caused by the oxidation or reduction of the polymer.
This volume change is the main source for actuators bending or deforming. Different
actuator designs have been explored over the years to maximize bending, displacement or
deformation. The bilayer design (two layers) incorporates a highly conductive metal layer
along with the conducting polymer layer in its design. Trilayer designs (three layers)
utilize an electrolyte storage layer to avoid delamination within the design. The storage
layer allows for the trilayer design to operate freely in both liquid and air environments.
To a limited extent zig zag conformations of polymers linked by small organic molecules
or metal coordinating ligands have also been explored in the search for actuator materials
with significant deformation and high current density. This review evaluates the
contribution of polypyrrole and its derivatives in these actuator designs that impact on
maximum displacement capability, current density and the lifetime of these actuator

systems.

Keywords: Actuators, electroactive polymers (EAPS), novel polymer composites, polymer
conformations, polypyrrole (PPy), volume changes.
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9.1 Introduction

Extensive studies have been performed in the field of electroactive polymer (EAPS) actuators
due to their muscle-like behaviour and unusual properties.[139] The polymers used in
actuators can be classed as polymers that respond to electrical stimulus.[131] Bending or
deformation occurs by a change in shape or potential in response to electrical stimulus.[4,
27, 177] EAPs produce actuator materials with strain, stress, work density, electrochemical
coupling, relative speed cycles, flexibility, lightweight, tolerance against fracture, simple
fabrication processes and the ability to convert electrical energy into mechanical energy
(work) causing a force which produces large strains.[134, 164] The most attractive feature
of these EAPs is their ability to mimic biological muscles. EAPs are resilient, tough and
display large actuation.[20] These polymers can be classed into two categories based on their
actuation mechanism, i.e. ionic EAPs (wet) and electronic EAPs (dry). Most ionic EAPs
function in an electrochemical system which requires a liquid electrolyte for ion
transportations while the electronic EAPs actuate due to the forces from the shift or motion
in an electrical charge. Electronic EAPs are favored due to the ability to operate in air (dry
environment), whereas the ionic EAPS requires a liquid medium (high safety encapsulation
required for liquid media). An electric field or coulomb forces drive electronic EAPS,
whereas the actuation mechanism for ionic EAPs is based upon the diffusion or mobility of
ions. Electronic EAPs generally require strong electrical fields (>100 V/m) and the ionic
EAPs require low driving voltages, nearly equal to 1-5V. EAPs have been used in the
development of soft, lightweight actuators, sensors and energy harvesting devices that are
widely applicable to robotics, haptics (sense of touch devices) and biomimetic systems.[64,
112] However, they suffer from disadvantages such as high energy requirements and low
actuation force. EAP actuators based on conducting polymers particularly PPy have gained
much attention due to its biocompatibility, biodegradability, ease of synthesis, low actuation
power, ability to operate in liquid and air environments and stability with large volume
changes. Synthesis of PPy carried out at low temperature tend to yield higher conductivities
and smoother surface morphology.[99] Current density affects the rate of oxidation and
therefore the polymerization of pyrrole. Synthesis at a current density of 0.1 mA.cm™

displayed high surface roughness and was more rigid compared to current densities at 0.05
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mA.cm™. Current densities at 0.025 mA.cm™ resulted in weak cohesion of the PPy and some
of the regions of polyvinylidene fluoride (PVVDF) remained uncoated.[100] Actuators based
on PPy or other conducting polymers are electrochemically driven and may be constructed
in various geometries (Makai et al., 2012).[137] The structural properties of PPy depend on
the oxidation potential applied during the polymerization process (Zhou et al., 1999). Long

chains (30-60 units) have been obtained using potentials close to 1.0 V with shorter chains

(8-16 units) at lower potentials.

—
1.

® =Nat
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(-) Applied Electrical Potential mm = Pt Coating

Figure 71. Possible deformation mechanism of an EAP.

Cross-linked or conjugated chains (8-16 units) were obtained from potentials between 1.0 -
1.5 V. The short chain units of PPy are based on cation movement at low potentials, with
the long and cross-linked/conjugated chain units based mainly on anion movement.[104,
216] Large volume displacement is an important parameter for EAPs actuators, whose
operation principle is based on the volume of expansion or contraction generated by the

movement of ions during an electrochemical reaction. Bending of the EAP is induced when
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positive counter ions move towards the cathode, while the negative ions that are fixed at the
polymer, experience an attractive force from the anode. Simultaneously water molecules in
the EAPs matrix diffuse towards the region with the highest positive ion concentration
(cathode) to equalize the charge distribution. This causes the region near the anode to swell
and the region near the cathode to shrink, leading to stresses which cause the EAP to bend
towards anode (Figure 74).[44] EAPs are favoured in actuators where large deformations
are required. Most EAP actuators have been synthesized to function in liquid mediums,
however multi-layered EAP actuators can function in both wet and dry environments. Multi-
layered actuators can be electrochemically oxidized or reduced in a continuous and reversible
way which leads to bending.[63] Ordinary ‘wet” EAP actuators operate only in electrolyte
solutions whereas ‘dry” EAP actuators work in air using ionic liquids as built in electrolytes.
However, in principle, these conductive polymer-based actuators have drawbacks in their
lifetime and responsivity, as the motion is Faradaically driven via oxidation or
reduction.[176]

9.2 Bilayer actuators

The development of a bilayer device was proposed in 1992 by T.F. Otero who
based his design on two films of material in contact with one another, having different
coefficients of expansion.[144] Bilayers (Figure 75) provided a way in which actuation of
conjugated polymers such as PPy, PANI and polythiophene (PTH) can be studied. The
actuator consists of one stimuli responsive coating polymer layer which provided the
swelling and contracting onto a flexible and inactive polymeric substrate which provides

mechanical strength.[65]
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(a) (b)

Figure 72. (a) Bilayer actuator design, (b) Operating mechanism

Implementation of conducting polymer materials in bilayer actuators allow for the possibility
to operate these actuators in both wet environments (in the presence of electrolyte solutions)
and dry environments (operation in air which include applications such as; used in humidity

Sensors).

Table 29. Modified polypyrrole bilayers.

Material Bending Angle / Displacement Application
> 60°
. . L Release valves for Drug Delivery
PPy-DBS/Au 2006 Bending occurs — 0.3 V vs Ag/AgCI reaching the max. within S
tems
2 sec. Original position achieved at 0 V vs Ag/AgCI ¥
90° .
PPy-DBS/Au 2007 . Response testing to ac/dc voltages
Bending occurs at +2 V , reversal process occurs at -2 V
90°
Neutral state at 0 V' vs Ag/AgCl Mechanical microactuators for
PPy-DBS/Au 2011 . ) o
Bending occurs at +1 V vs Ag/AgCl at a max. frequency of 4 micromixing
Hz
Improving displacement performance of
PPy/Cellophane 2005 2.8 mm
the actuator
1200 Designed for the use in advanced
PPy/Graphene 2012 Movement to the PPy side (- 0.8 V vs Ag/AgCl) and actuation systems such as micro/nano-
movement to the graphene side (+ 0.8 V vs Ag/AgCl) electromechanical systems
PPy/Graphene . . . Used in the construction of sophisticated
_ 2013 Symmetrical bending displacement at + 0.8 VV vs Ag/AgCl . . .
Fiber devices such as fiber microtweezers

Note 1. PPy - Polypyrrole, Au - Gold, DBS - Dodecylbenzene Sulphonate.

162|Meryck Ward PhD Thesis

http://etd.uwc.ac.za



Bilayer actuators (Table 29) resulting from the electrodeposition of PPy onto a metal
electrode (Au - gold) have been used as a release valve of a drug reservoir such as
biodegradable microspheres, microneedles and implantable microchips. Bending of the
actuator occurred at +1.2 V vs Ag/AgCI resulting in the release of a fluorescent dye, the
process was reversed by applying -1.0 V vs Ag/AgCl.[182] PPy/Au bilayer actuators was
used in the development of tools such as a microrobotic arm for the manipulation of single
cells. The bending/rotation of the arm was controlled by applying voltages between 0.2 V
and -1.0 V vs Ag/AgCl, the arm achieved a minor sideways bending/rotation of ~20°.[88]
Bilayer actuators have the potential to be used in medical applications as drug delivery
systems. Applied electrical stimulus to the device causes a deformation of the actuator, thus

releasing any drug the reservoir might hold (Figure 76).

@
o
=
o

=
o

(o

Figure 73. (a) The bilayer actuator at rest covering a reservoir, (b) Electrical stimulus
applied to the bilayer actuator causing displacement and revealing the opening to the
reservoir.

Aromatic dopant anions such as dodecyl benzene sulphonate (DBS), have been found to
enhance the conductivity and mechanical strength of bilayer PPy films. Drug delivery

devices employing a PPy-DBS/Au bilayer experienced bending greater than 60° between a
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cycled potential of 0 V to -1 V vs Ag/AgClI. The maximum bending was reached at -0.3 V vs
Ag/AgCl within 2 s, and returned to resting state at 0 VV.[196] PPy doped with DBS displayed
large displacements and fast responses. Bending of the EAPs (PPy-DBS) was dependent
upon oxidation and reduction potential. The actuator response times was measured as 2 to 3
s for bending at £ 2 V reaching up to 90° bending.[173] Mechanical microactuators such as
PPy-DBS/Au bilayer may be used for micromixing, fluid pumping or fluidic propelling of
microrobots. The actuator containing the doped polymer was at a neutral state (flat
conformation) at 0 V, but under positive potential of +1 V vs Ag/AgCl a bending of at least
90° was achieved at a maximum frequency of 4 Hz.[38] Bilayer actuators constructed of
PPy/cellophane (electroactive paper) showed large displacement capabilities. This actuator
device was constructed to improve displacement performance in electrolyte solutions for
actuators of different thickness. The bilayer actuator displayed a maximum displacement of
2.8 mm at +6 V vs Ag/AgCl at a frequency of 0.5 Hz.[51] Bilayer actuators based on
PPy/graphene have been designed for advanced actuation systems which are important for
application in micro/nano-electromechanical systems. This modification (incorporation of
the graphene layer) of the bilayer actuator exhibits improvement in movable curvature
(displacement) and mechanical strength of the PPy film. The actuator experiences an
electrochemical deformation of 120° with the actuator moving towards the PPy side at - 0.8
V vs Ag/AgCIl and towards the graphene side at + 0.8 V vs Ag/AgCl.[119] Novel
electrochemical fiber actuators based on graphene fiber/PPy have been used to fabricate
multi-armed tweezers and net actuators. Symmetrical actuator bending displacement occurs
at electrochemical potentials of - 0.8 V vs Ag/AgCl and + 0.8 V vs Ag/AgCI. This actuator
design has demonstrated higher actuation activity and durability compared to other graphene
based actuators.[189] PPy is a prime candidate for conducting polymer actuators, but has a
disadvantage of decreased electronic conductivity during polymer reduction. This reduction
in conductivity is the reason for not reaching high actuation speeds, the main reason for poor
actuator performance. The introduction of poly(3,4-ehtylene dioxythiophene), PEDOT, into
a bilayer (PPy-DBS/PEDOT-DBS) actuator design improved the conductivity of the actuator
due to the high conductivity of PEDOT.[208]
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9.3 Trilayer actuators

Trilayer actuator addresses some of the inherent weaknesses in bilayer
devices. The use of a metallic counter electrode may be avoided in order to obtain higher
frequencies, whilst using the same current to produce a range of volume changes.[14] The
actuator device comprises of two conducting polymer layers and one electrolyte storage (non-
volume changing) layer.[63] This electrolyte storage layer, usually PVDF, allows for the
actuator to operate in both wet and dry environments. A small potential difference applied
between the two outer layers causes oxidation of the one layer and reduction of the other
layer. Counter-ions are passed through the two conducting polymer (CP) layers via the
middle electrolytestorage layer during the electrochemical switching process. lon movement
in and out of the CP layers causes swelling and de-swelling. Due to the middle electrolyte
layer constraining the active layer, the whole laminated multilayer structure generates a
bending motion similar to that of the cantilevered bilayer structure. The oxidized layer
absorbs anions and expands while the reduced layer gives up anions and contracts (Figure
77) resulting in differential expansion leading to the bending of the actuator.[58, 59]

l— Polyvpyrrole —l
=D

o -
8 ~ e
. 3
§ D
= -2
.-5,-"'
PVDF Predoped
anion
o O LS ] = o -—b
sti;td;ﬁd re;ltq.;ﬁ:d anion cation electron solvent

Figure 74. lllustration of the behaviour of the trilayer actuator under electrical stimulus.
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Different fabrication methods have been employed in order to improve performance of the

trilayer actuator material (Table 30).

Table 30. Modified polypyrrole trilayers.

. . Current Density . . o
Material Year Thickness o Bending Angle / Displacement Application/Purpose
(PPy Deposition)
50 mm Actuator studied for
PVDF: ~145 . . . . .
PPy/PVDF/PPy | 2011 0.05 mA/cm? Maximum displacement obtained at 0.2 optimum mechanical
m
H Hzand +3V and electrical properties
Development of
18 mm . .
. . microdevices such as
PPy/PVDF/PPy | 2013 | PVDF: 110 pm 0.1 mA/cm? Maximum displacement reached at +1.5 L
comprising individually
V at a frequency of 0.05 Hz
controllable actuators
Used to determine if the
olytiophene layer
PPy(DBS)/PTh/ +90° polytiop . Y
2004 2 mA.cm? - would provide
PPy (CIO4) Bending at +1 V vs SCE .
mechanical support for
the actuator
Displacement obtained .
Designed for
PPy/PVDF(Au)/ TFSI =60 mm, o o
2006 | PVDF: 110 um 0.1 mA.cm? applications requiring a
PPy(TFSI/PFe) PFs =20 mmat £1 V at a frequency of 4 .
high speed of response
Hz
Actuator bending occurred at -1.0 V vs Fabricated to improve
PPy/SG/RGO 2012 | Actuator: 3 pm SCE achieving a bending angle of + 90° performance and
and - 90°at 0.4 V vs SCE lifetime

Note 2. PTh - Polythiophene, PVDF - Polyvinlylidene Fluoride, TFSI - Trifluoromethanesulfonimide, PF6 - Hexafluorophosphate, ClO4 - Perchlorate, SCE -
Saturated Calomel Electrode, SG — Sulfonated Graphene, RGO — Reduced Graphene Oxide

Trilayers incorporating two conducting polymer layers separated by a PVDF layer, the PVDF
layer can be used for both an insulator between the layers and an electrolyte reservoir. The
trilayer actuators using this design was studied for optimum mechanical and electrical
properties, actuator deflection, force output and stability. A maximum displacement of 50
mm was obtained +3 V at 0.2 Hz. Microdevices have been developed based on
microactuators that operate in air, these microactuators use the PPy/PVDF/PPy trilayer
design. A displacement of 18 mm was achieved at +1.5 V at a frequency of 0.05 Hz.[89] A
trilayer conducting polymer composite film consisting of PPy-DBS/PTh/PPy-CIO4
displayed maximum displacement of £ 90° at a potential of +1 V vs saturated calomel

electrode (SCE).[74] Trilayer actuators containing PPy doped with surfactants including
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trifluoromethanesulfonimide (TFSI) and hexafluorophosphate (PF6), were prepared with
TFSI producing the highest speed of response. Enhancement in the speed of bending in the
trilayer actuator was achieved through mechanical resonance which also explains the effect
of the dopant on the speed of actuation. Maximum displacements were reached at +1 V at a
frequency of 4 Hz, with TFSI and PF6 generating a displacement of 60 mm and 20 mm
respectively.[194] Different fabrication methods have been performed over the years to
improve actuator performance, with thickness being an important parameter. At a thickness
of the CP (PPy) layer exceeding 60 pum the bending movement was observed to decrease
(Alici, G., et al., 2005).[7] This indicated that the PPy actuator was unable to overcome its
increased resistance (flexural rigidity) while undergoing bending. Trilayer actuators have
displayed great potential for a variety of applications, due to its low input voltages, bio-
compatibility and ability to operate in both environments. The lifetime of these actuators
operating in air, was limited to the time the electrolyte solution remained in the electrolyte
storage layer. The robotic fish designed by (Wang et al., 2007) encapsulated the CP layers
to increase the lifetime of the actuator. The important parameters discussed when designing
the robotic fish was frequency and thickness of the conducting polymer layer. Various layer
thicknesses were evaluated over a frequency range between 0.03 to 10 Hz. The CP layer
with a thickness of 10 pum at 1 Hz provided the best deflection of 4mm for the trilayer
design.[186] Actuator conductivities determine the rate at which ions move in and out of the
polymer films, therefore playing an important role in polymer material selection. PPy has
relatively low conductivity but it is improved by either doping the polymer or modifying the
material by incorporating materials with higher conductivity. Low conductivity actuators are
responsible for slow response and deformation, whereas high conductivity actuators
experience fast response and deformation. Actuator designs employing a modification of a
poly(3,4-ethylenedioxythiophene), PEDOT, layer sandwiched between two PPy layers
showed improved actuator performance. Improvements observed in this design were strain
and force difference between redox states at faster scan rates and in actuator performance
due to no delamination between the layers. The trilayer experiences a reduction in strain due
to ionic diffusion and drift in an electric field. PEDOT does not affect the strain negatively

but does however influence cyclic voltammetry at lower potentials. The PEDOT layer causes
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PPy to be reduced at two different potentials. Actuation of the actuators occurred between a
potential window of + 0.4 V to - 1.0 V against Ag/AgCl. Reduction peaks were observed at
- 0.55 V (sharp peak) and - 0.95 V (broad peak). Broadening of the second peak was
attributed to ions penetrating the PEDOT(DBS) layer.[208] PPy was electrodeposited onto
a bilayer actuator to produce this trilayer design which exhibited a high and stable actuating
performance. Graphene reduced the charge or energy that was required to reach a constant
bending angle. The actuator deformed from rest at 0 V to +90° at -1.0 V vs saturated calomel
electrode (SCE) towards graphene. Similarly the actuator deformed at 0.4 V vs SCE to an
angle of -90°, towards PPy. The actuator displayed a disappearance of redox waves
associated with PPy in the cyclic voltammogram, contributing to the gradual weakening and
finally disappearance of the PPy redox waves after 5000 actuations. This was evident from

SEM images where gaps were observed resulting in delamination (Figure 78).[118]

Figure 75. Trilayer experiences delamination due to excess number of
actuation cycles.

Bending trilayer actuators consisting of PPy films incorporated with porous carbide-derived
carbon (CDC) particles displayed properties which made them suitable for energy storage
applications. This design incorporated two modified polymer layers on either side of an
electrolyte storage layer. The actuation mechanism was based on the intercalation of ions
due to the electric double layer charging of the electrodes. Actuators using CDC particles

have been found to be more efficient and have doubled the amount of swelling per injected
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charge, this improvement was very important as it overcame the low energy efficiency
displayed by ionic electroactive polymers. Operations in electrolyte solutions use a design
of two PPy(DBS)CDC layers on either side of a PVDF layer, this design displayed large
volume changes. The bending of this fabrication in air was made possible by soaking the
trilayer in Lithium bis(trifluoromethane sulfonyl) imide (LiTFSI). However, using this air
operated design has shown a decrease in actuator bending from 200 um for PPy(TFSI) to 8
um for PPy(TFSI)CDC. The bending signal displayed more noise, due to the actuators
bending response being close to the detection limit of the laser displacement sensor. The
bending signal was also affected by the roughness of the PPy(TFSI)CDC actuator surface.
CDC nanoparticles that have lower conductivity leads to an increase in the films overall
resistance (causes actuator stiffness) thus reducing the bending ability of the actuator.[178]
The image below is a further representation of trilayer actuators consisting of two PPy layers
on either side of a PVDF (ion storage) layer. This actuator design has the potential to be used

in a variety of potential applications, due to its fully reversible nature (Figure. 79).

Figure 76. (a) PPy is oxidized at the positive electrode causing anion movement from the
PVDF layer into the PPY layer which causes volume expansion. Reduction occurs at the
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negative electrode resulting in volume reduction. (b) The trilayer actuator at rest with no
electrical stimulus being applied. (c) Step A is repeated with the electrodes being switched
around, allowing deformation to occur in the opposite direction.

9.4 Polymer conformations influencing actuation

Volume changes within CP films are linked to conformational changes which
are generated by the presence of redox processes. Movements linked to the reduction
processes are faster than oxidation processes (reactions), due to the Kkinetics of
conformational change. Opening and closing of polymeric structures during redox switching
are controlled by conformational relaxation which gives the best results for electrochemical
responses of PPy-coated electrodes (Otero 1999). Electrochemical simulation and generation
of free volume is transformed into a stress gradient across the polymer-polymer interface,
this allows the actuator to bend.[45, 55] Polymer conformation in a zig zag structure play an
important role in the actuation mechanism, not limited to ion intercalation in the bulk polymer
chain upon electrochemical activation. The molecular actuation mechanism of the polymer
conformation designed by (Anquetil, et al., 2002) resulted from the II-IT stacking of the
thiophene oligomers upon oxidation. A hinged molecule such as calix(4)arene
interconnected by rigid rods of quarterthiophene was among the first polymers designed to
have the zig-zag conformation. Attraction between the quarterthiophene rods occurred when
the material was in the oxidized state which in turn contracted the overall material. Oxidation
of these rods caused II-IT stacking to produce reversible molecular displacement during
actuation. These hinged rigid (zig-zag) structures which have a great amount of internal
volume was found to be capable of experiencing large volume changes upon application of
potentials (Figure. 80).[12]
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Figure 77. Zig-zag molecule containing calix(4)arene and quarterthiophene.

Other examples of zig-zag molecules used in actuation include a helical structure (with Zn
centre) (Figure. 81), a zig-zag organometallic framework (Figure. 82) and molecular
tweezers (Figure. 83).[30, 41, 120] Films of the calixarene quartertiophene (zig zag)
material displayed conductivities of 10-1 S/m, densities between 550 and 750 kg/m3 and
tensile strengths of 20 MPa in the dried form and 1.3 MPa when soaked in acetonitrile. The
system also displayed a reversible strain in the order of 20%.[205] The cyclic voltammetry
of this zig zag polymer and a proton doped form of the polymer showed two redox waves
with half wave potentials at 0.22 V and 0.45 V (Ag/AgCl).[35] The contraction of the
calix(4)arene based electroactive actuator was studied by microsecond atomistic molecular
dynamics simulation in dichloromethane (DCM). The efficiency and rate of the contraction
was found to be linked to the presence of secondary transitions in the calix(4)arene scaffold
and the presence of solvent molecules.[62]
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Figure 78. Helical Structure with Zn centre {Zn(SPh)2(BPyVB)}n.
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Figure 79. Organometallic framework.
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Figure 80. Molecular tweezers.

Zig zag polymers produced from digold and tetragold rings crosslinked with bis (pyridine)
in which hydrogen bonding was responsible for the zig zag chains. 3P NMR (nuclear
magnetic resonance) and Electrospray ionization mass spectrometry (ESI-MS) was used to
characterize the solid state polymer network (Burchell, et al., 2003).[35] Self-assembly of
organometallic polymers through hydrogen bonding have also been explored in the
production of a diplatinum(IV) complexes, through the formation of a bridging halide linking
group. These types of zig zag polymers are useful for the production of molecular materials
through simple self-assembly methods.[146] One dimensional zig zag polymers have also
been produced from the co-ordination of Ni(ll), Cu(ll) and Zn(Il) complexes. The bridging
ligands used to produce the single strand helical structures included isophthalate, pyridyl and
triazine derivatives. Extensive characterization by crystallography, spectroscopy and
thermal methods, confirmed that the one dimensional chain structure was also stabilized by
H-bonding.[41, 120] These zig zag materials were demonstrated to be highly efficient
heterogeneous catalysts for cyanosilylation of aldehydes. These zig zag supramolecular

polymers were all prepared from a materials synthesis point of view and no reports are
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available about their electrochemical behaviour, actuation and conductivity characteristics.
Tetrathiafulvalene (TTFV) as been used in the design of stimuli responsive molecular devices
for sensing, switching and in the design of logic gates. The TTFV hinge was used to produce
a tweezer like structure using various quinones as II- backbone. The TTFV hinge was
observed to have fully reversible electrochemistry.[41] Various derivatives of TTFV was
applied for sensitive electrochemical detection of saccharides and fluorine.[138] A newly
synthesized zig zag polymer (Figure. 84) containing poly(phenazine-2,3-diimino(pyrrole-2-
yl)-PPDP) doped with polyvinylsulfonic acid (PVSA) and 1,4-napthaquinone sulphonic
acid(NQSA) was evaluated by (Ward, et al., 2014) which by design showed promising
behavior as an actuator material capturing the many advantages of PPy and conductivity
favoured by a phenazine hinge. Thin films of the zig zag polymer were evaluated for
actuation based on the change in capacitance (CPE) measured by electrochemical impedance
spectroscopy (Table 31). The measured interfacial capacitance modelled at constant phase
angle for redox states showed 50% higher values for the oxidized state compared to the
reduced state.[190]

N N SN
= X
N N =

Figure 81. Zig zag structural conformation of a phenazine hinged molecule interconnected
by pyrrole chains.
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Table 31. Interfacial capacitance of PPDP-PVSA

PPDP/PVSA PPDP/PVSA PPDP/PVSA PPDP/PVSA
Potential / mV -100 +100 -200 +200
Rs/Q 105.8 106.7 106 107.4
CPE / pF 4.03 6.29 2.34 3.37
Rct / kQ 4.056 4.094 3.547 4.094

9.5 Conclusion

Polypyrrole actuators have been extensively researched due to their ability to mimic
biological systems as well as their ability to operate in a wide variety of potential
applications. The original actuator design in a bilayer structure was used primarily for
application in a liquid medium, whereas the trilayer actuator has no such limitation. It is able
to operate in both liquid and air environments. Delamination of the bilayer actuator design
during bending may also be effectively addressed by the trilayer design. Both bilayer and
trilayer actuators were able to realize bending angles in excess of 90 °. Limited reports are
available for polypyrrole actuators in the zig zag design. These materials were synthesized
and characterized in terms of their physical properties and no reports are available on
displacement behavior of this class of material. Further evaluation of this is confirmed
through the design of new materials and evaluation of their actuation potential is necessary
before finally advocating or condemning them. However they are suitable for preparation in
a thin film format at conducting electrode interfaces and hold promise for a wide range of

analytical applications, based on internal volume change.
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