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Abstract

Abstract

Firearm related violence is a cause for concern in an ever-turbulent world. In this thesis,
innovative electrochemical approaches to forensic evaluation of firearm generated
evidence is presented using a two-prong approach. Firstly, development of an
electroanalytical method for the detection of characteristic compounds found within the
organic fraction of firearms residue (OFAR) was explored. This involved electrochemical
analysis of diphenylamine (DPA) and ethyl centralite (EC) in both organic and aqueous
supporting electrolytes revealing the formation of secondary products at the electrodes
surface such as diphenylurea and primary amine degradation products. A novel sensing
approach followed with the aid of magnetic nanoparticles of magnetite (MNPs) formed
using controlled electrooxidation and chemical co-precipitation processes. Quantitative
analysis using differential pulse voltammetry (DPV) revealed limits of detection (LODs)
and quantification (LOQs) for EC and DPA at 4.39 + 0.28 and 14.6 = 0.95 uM and 3.51
+ 0.15 and 11.7 = 0.47 uM respectively with sensitivities of 0.0637 + 0.0044 and 0.0801
+0.0034 pA.uM!. The method was applied to unburnt ammunition and real FAR samples
while data from custom-designed screen-printed electrodes (SPE) highlighted the
feasibility of onsite OFAR determination. Secondly, the deposition of conducting/redox
active polymers for visualising latent finger-marks on brass ammunition casings was
explored. This aspect exploited the electrodeposition of 3,4-ethylenedioxythiophene
(EDOT), thionine Acetate (Th), neutral red (NR), and their mixtures at a range of
transducers including sheet and cartridge brass. EDOT-Th emerged consistently as the
most effective combination, revealing latent finger-marks at the highest level of detail
(level 3), including pores within the ridges, on brass sheets using a rapid (120 s) and low-
potential (0.1 V) approach. Successful visualisation of groomed latent finger-marks was
achieved following exposure to temperatures of 700 °C and up to 16-month room
temperature aging, with evidence for a robust methodology suitable for forensic practice.
Bespoke electrochemical cells designed to facilitate the use of ammunition casings as
working electrodes produced exceptional results via CV, resulting in pristine visualised
latent finger-marks of grade 4 with visible level 3 features. Overall, the research advances
the state of the art with respect to electroanalytical tools for OFAR measurement of

signature analytes with the potential for extension to multiplexed operation.
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Forensic science is the implementation of methods and techniques, from which data can
be used by the courts to determine a suspect’s involvement in a criminal case. Much like
the pharmaceutical industry, it is simply the use of analytical techniques focused on a
single sector, however, instead of analysing for “quality of samples”, forensic science
analyses the “strength of evidence” for its ability to tell a narrative of events. The event

of interest to this body of work is the discharge of a firearm.

Firearm related crime destroys the lives of the people involved and 2020 saw the highest
increase of firearm violence in the USA from the previous year since the early 1990’s'.
Unless the perpetrator of the violence is observed or filmed in the act of using the firearm

other means are necessary to identify who was holding the weapon at time of discharge.

The act of discharging a firearm creates a wide variety of evidence types that forensic
professionals are of interest in order to build a case. Toolmark analysis, ballistic trajectory
determination, wound analysis and even blood-spatter analysis are all useful methods in
determining things such as what firearm was used, where it was fired from and how close
it was to the target’. However, these specialities still do not place an individual at the
firearm at the time of discharge. The desire to associate an individual with loading and
firing the firearm requires both evidence types selected in this work i.e. firearms residue

(FAR) and finger-mark evidence.

1.1 Firearms Residue

Any substance which has been deposited onto a surface from the discharge of a firearm
is classified as firearm residue®. These residues can escape through openings in the gun,
such as the muzzle, ejection port and hammer, being deposited on the shooter and nearby

surfaces (Figure 1.1).
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Figure 1.1: Image of a firearm being discharged with the resulting plume of gas containing FAR*.

FAR can be recovered from various sources, including the hands, face, and hair of a
suspect, as well as from their clothing and surfaces like the interior of a vehicle used to
transport the suspects, weapons, and cartridges after firing®. The persistence of residues
on surfaces depends on activity; residues can remain indefinitely on undisturbed surfaces
and enclosed spaces, but they can be lost quickly from hands®’. Persistence studies
performed by Vander Pyl et al. found that inorganic material experienced losses of 9%
while organic material resulted in losses of up to 25% six hours after the initial application
(firing) when in controlled conditions. Acts of washing or rubbing hands off each other
or different materials generated losses of 99% and 55% respectively®. In general, it is
stated that the majority of FAR is lost between the time points of four and six hours® '3
Forensic scientists examine FAR to determine if the samples from the recovered evidence
match those of the suspect(s). To maintain the integrity of the evidence, strict
contamination control procedures and quality control checks are implemented in the
laboratory to ensure no evidence is lost or deemed to be questionable after each stage of
the analysis. FAR requires the firearm to be discharged, and during this period the
propellent is ignited, and so to understand FAR we must first look at the components of

firearm propellants.
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1.1.1 Ammunition Propellent Formulation

Chemical explosives typically contain oxygen, nitrogen, and fuels (hydrocarbons), with
oxygen often attached to nitrogen in groups such as NO, NO», and NOs3. During a reaction,
nitrogen and oxygen molecules separate and then unite with fuel components, releasing
large amounts of energy and hot gases. The heat released, or heat of reaction, results from
the difference between the energy required to break the explosive molecule into its
elements and the energy released upon recombination into stable compounds like CO»,
H>0, and N». Propellants are combustible materials that contain all the oxygen needed for
their combustion and burn rather than explode. This combustion is typically violent,
accompanied by flames or sparks and a hissing or crackling sound, but lacks the sharp,
loud bang characteristic of detonating explosives. Propellants are initiated by flame or
spark and transition from a solid to a gaseous state over milliseconds'®. One of the earliest
forms of propellant used for firearms was black powder, which was a simple mixture
generally consisting of sulphur, charcoal, and potassium nitrate'>. While some version of
black powder may be used in improvised explosives, most of the black powder use is now
limited to the pyrotechnic industry, having been more refined for aesthetics of the ignition,
instead of its ability to propel material. Modern propellent powders fall under the category
of smokeless powders and were developed to be a much more energetic material with the
possibility of expanding up to 1000 times its original volume, creating pressures > 0.29
GPa!®, which is approximately 6% of the pressure needed to form lab grown diamonds (5
GPa)'S. With this immense pressure and the possibility to propel some form of
ammunition, the first component of propellants discussed here is the energetic material

or base formulation.

1.1.1.1 Propellant Bases within Propellent Formulations

The term “base” in propellent formulations is not used in the chemical sense (referring to
alkaline material). Instead, it refers to the energetic material contained in the formulation,
falling into three categories: single, double, and triple base propellants. Single bases
commonly contain only nitrocellulose, double bases utilise a nitro-glycerine gelatinised
nitrocellulose derivative while triple bases use this gelatinised nitrocellulose with the
addition of nitroguanidine to increase the propulsion power even further'’. As evident

from the mixes, each base formulation has different applications, with triple being used
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exclusively for military purposes of high calibre firearms and artillery munitions'®!?. The
general public are able to acquire double and single base formulations, with rifle and
handgun ammunition commonly containing double base and shotgun shells containing
single base propellent. While the presence of the energetic material does change the
availability of the type of propellent to the public, one thing remains constant in all

formulations of the propellent mixes, the stabilisers within the formulation.

1.1.1.2 Propellent Stabilisers within Propellent Formulations

Shelf life of propellent powders is a key factor for the ammunitions industry, ensuring
that ammunition manufactured will still successfully fire months or years later.
Propellants containing nitrocellulose will continuously decompose, releasing nitrogen
oxides, in turn increasing the rate of decomposition by auto-catalysis 2°. The stabilisers
prevent auto-catalysis, reacting easily with the nitrogen oxides forming more stable
compounds?' with some of the most common ones being diphenylamine (DPA), ethyl-
centralite (EC), methyl-centralite (MC), akardite I (AK I) and akardite II (AK II) (Figure
1.2)

oo oo oo

Diphenylamine Ethyl-centralite Methyl-centralite
(DPA) (EC) (MC)
| D i | b |
= \N NH, = \N)kl\ll/CHa
H
$ b
= | P
Akardite | Akardite |1
(AK 1) (AK 1)

Figure 1.2: Chemical structures of common stabilisers found within propellent formulations
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1.1.1.3 Plasticisers and Gelatinisers within Propellent Formulations

Plasticisers and gelatinisers are typically added to the formulation to facilitate processing
and improve the mechanical properties. Within high energy ammunition (military grade),
energetic versions of the material (nitrated compounds) can be utilised to increase the
energy output and efficiency of the propellent??. Common plasticisers found in
ammunition formulations include dimethyl-, diethyl-, dibutylphthalate and triacetin

(Figure 1.3).

o) 0
o~ o ™
O\ Ov
o) O
Dimethylphthalate Diethylphthalate
e}
o)
0
0
O\/\/ 7/0 %O
o) e}
Dibutylphthalate Triacetin

Figure 1.3: Chemical structures of common plasticisers found within propellent formulations

1.1.1.4 Primer Mixture within Ammunition

The primer is located directly under the rim of the ammunition casing and under the
propellent powder. The primer contains a mixture of highly sensitive explosives with lead
styphnate (Figure 1.4) being the primary explosive and barium nitrate the primary
oxidiser?>. Once the primer is struck by the hammer of the firearm, a small explosion
occurs which ignites the propellent increasing the pressure in the ammunition casing and

ejecting the bullet from the casing and firearm.
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— 2.

Figure 1.4: Structure of common primer compound lead styphnate.

A generic list of components found within ammunition can be seen in Figure 1.5. Given

this complex mixture of materials, it is interesting to note that the primer mixture is the

main source of material which is needed for the current methods of identification of FAR,

specifically the lead, barium and antinomy which generates the inorganic fraction of FAR

(IFAR).

Smokeless Powder

Compound

Role

Nitrocellulose

Nitroglycerine

Nitroguanidine

Primary Explosive

Diphenylamine

Ethylcentralite

Methylcentralite

Resorcinol

Alkardite T

Alkardite 1T

Akardite III

Stabilisers

Dibutylphthalate

Dimethylphthalate
Diethylphthalate

Glycerol triacetate

Plasticisers
&
Gelatinisers

Dinitrotoluene

Flash inhibitor

Simplified Content List of
Propellent Powders and
Primers

Primer Mixture
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Lead styphnate Primary Explosive
Barium nitrate
Antimony sulphate Sensitisers

Tetrazene

Calcium silicate

Lead peroxide Pyrotechnic System

Lead dioxide

‘ Ammunition casing ‘

Glass powder

Figure 1.5: Cross section of bullet-based ammunition showing location and role of various
components in smokeless powder and primer mixture.
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1.1.2 Inorganic Firearms Residue

Within current methods of FAR analysis, the residue of interest is comprised of inorganic
materials. [FAR particles are formed as a result of the materials that are present in the
bullet, casing and primer cap undergoing the high temperatures and pressure associated
with discharging a firearm?*. These particles are classified as one, two and three
component particles. The components of these particles are lead, barium and antimony.
In all classifications lead must be present with small particles of lead being indicative,

while the multi-component particles are classified as FAR.

Scanning electron microscopy (SEM) in conjunction with energy dispersive x-ray (EDX)
has been successfully used for observation of the morphological features of the particles

2528 commonly being used by forensic

along with elemental analysis respectively
professionals for FAR analysis (Figure 1.6). However, this is limited by the high cost and

time-consuming nature of running the instrument for this technique.

Spectrum 2"

Spectrum 2 '

Figure 1.6: Example of SEM and EDX data which are traditionally used for IFAR evidence
analysis, showing SEM data for A) IFAR particles at x450 magnification and B) a single IFAR
particle at x4000 magnification and C) EDX data for the IFAR particle observed in B).
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Other methods which have seen success in IFAR analysis are atomic absorption

)?%3% and inductively coupled plasma spectroscopy (ICPS)%*1-3*. Both

spectroscopy (AAS
techniques boast excellent detection at trace levels (down to ng and pg levels) and
successful analysis on 80-90% of samples processed. However, a major drawback which
limited the use of these techniques for routine analysis was the significant amount of
sample required and the destructive nature of the analysis. Destructive techniques are best
avoided for forensic sample analysis, as evidence retention for a second opinions or re-

analysis, contracted by either defence or prosecution teams is commonplace for evidence

which may be used in a court case.

The components of these particles have been linked in the past to similar particles
produced from braking systems on automobiles and those produced from cigarette
lighters, indicating false positives in SEM/EDX analysis, calling into question the
specificity of this type of sample for FAR. The case has been made that if the potential
shooter was a mechanic for example, that any particle that meets the above criteria could
be dismissed as the validity of its source is now in question. A European international
study looked at the presence of IFAR like particles that may be present on the skin of the
general public®®. This study removed the once thought bias that people who work in the
automotive industry may be able to explain away the presence of IFAR like particles on
their skin due to their work environment. The study found that IFAR like particles are
nearly non-existent on the skin of the general public. Even law enforcement personnel
which use firearms saw little to no presence of IFAR?3, cementing the specificity of the
presence of these particles to the discharge of a firearm. However, while this study did
indeed clarify that there is no cause for concern when using IFAR for the purposes of
linking an individual to the firing of a weapon, the concern for the use of IFAR for forensic

science purposes has been highlighted by the environmental sector.

Firearms in the hands of the general public, are never intended to be used for the purposes
of harming other human beings, with the exception of military and law enforcement use
of such items. Firearms are intended for one of two things, sports and hunting. While the
sporting aspect can take place in ranges within buildings, hunting needs to take place
outside and environmental groups and policy makers have focused on the need to remove
heavy metal contamination in the soil in nature rich areas where hunting is commonly
performed. As of the 15™ of February 2023, the use of lead-based ammunition has been

banned for use within 100 meters of wetlands across Europe, while Denmark and the
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Netherlands have bans on the use of any lead-based ammunition®. With this in mind,
ammunition manufacturers will be incentivised to produce ammunition which does not
contain lead if they still wish to have a European market share. However, if we recall
from the above, all categories of IFAR contain lead. This means that that by the
classifications currently in place, if lead is removed from the ammunition, IFAR particles
won’t exist for forensic professionals to analyse. The case to change the definition of
IFAR to include any particle which contains the other elements of interest (Barium and
Antinomy) could be made, however, it won’t be long before these metals are next for
removal from ammunition manufacturing. So instead of constantly changing the
definition of IFAR, looking at another type of material that is present in FAR would allow
for a longevity in analysis methods and this is where organic firearms residue (OFAR)

comes in.

1.1.3 Organic Firearms Residue

Organic Firearms residue (OFAR) is produced in the same manner as its inorganic
counterpart, however, the source of the material which produces OFAR is the ammunition
powder or propellant. This includes all the compounds mentioned within the previous

ammunition propellent formulation described in Section 1.1.1.

Even when freshly manufactured, the propellent and primer mixtures are a complex
matrix of materials to analyse. The number of potential compounds within the sample
matrix is increased even further over time, with the production of nitrated derivatives by

stabilisation mechanisms 373°

and the high heat and pressures of the discharge of the
firearm. Classification of characteristic compounds of OFAR is necessary if the sample
type is to be used by forensic professionals. One of the first listings of the group of
compounds called OFAR was provided by Mach et al which classified ethylcentralite
(EC), diphenylamine (DPA) and 2,4-dinitrotoluene as the three most characteristic
components*’. However, in a systematic review by Goudsmits et al., 136 different
compounds which could be associated with OFAR were found*', and of these a shortlist

of 20 compounds were proposed, falling under three distinct categories (Table 1.1).
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Table 1.1: Classifications of characteristic components of OFAR as identified by Goudsmits et
al*,

Category Description Compound Common
Function

1 Compounds that are very Ethylcentralite Stabiliser
strongly associated with Methylcentralite Stabiliser
FAR with very few Nitroglycerine Explosive
applications unrelated to Nitroguanidine Explosive
GSR

2 Compounds that are Diphenylamine Stabiliser
strongly associated with 2-Nitrodiphenylamine = Stabiliser
FAR with a few other 4-Nitrodiphenylamine Stabiliser
applications unrelated to 2,4-dinitrotolouene Flash suppressor
GSR Akardite 11 Stabiliser

3 Compounds that are Nitrocellulose Explosive
associated with FAR, but Other nitrotoluenes Flash suppressor
which are detected less Other diphenylamine  Stabiliser
frequently, with derivatives
applications unrelated to Triacetin Plasticiser
GSR

In this work the stabilisers of DPA and EC are the focus of initial method development,
due to their category assignment within the list of “characteristic compounds”, their
availability within the propellent formulation (~5% % w/w)**™* and their common

presence within OFAR analytical literature*®-2,

1.1.3.1 Diphenylamine as a Component of Organic Firearms Residue

DPA is predominantly used as a stabilising agent for ammunition and general
nitrocellulose containing explosives®®. This species derivatises with the degradation
products within the propellent formulation commonly forming mono-, di- and trinitro-
DPA>*% (Figure 1.7). DPA is also commonly used to aid in the storage of harvested

apples, preventing a storage disorder called “scald”>®. DPA contamination has become
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more prevalent in recent years as an emerging concern with regards to environmental
pollution. The European Union first implemented a limit on the use of DPA in 2008 and
Commission Regulation limits the presence of DPA on nearly all food items to 0.05

mg/kg, implemented from 1st of May 20197,

o &

Diphenylamine 2-Nitrodiphenylamine
o. O N
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N . 170
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2,4-Dinitrodiphenylamine 2,4,6-Trinitrodiphenylamine

Figure 1.7: Common nitrated derivatives of DPA formed during propellent stabilisation.

1.1.3.2 Ethvlcentralite as a Component of Organic Firearms Residue

Ethylcentralite (EC) appears to have no industrial use outside of propellent stabilisation.
Like DPA, EC commonly reacts with nitrogen oxides forming a variety of EC and
ethylaniline nitrated derivatives (Scheme 1.1), producing a complex mix of potential

compounds within the propellent matrix.
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Scheme 1.1: Possible nitration degradation routes of ethyl centralite within propellent ammunition®.
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1.1.4 Current Trends in Analysis of Organic Firearms Residue

As mentioned previously, OFAR is of growing interest for those involved with forensic
practices. With the increased regulations around lead containing ammunition, the concern
for the current standards of FAR analysis is that it may not be stringent enough to deal
with the new sample types. As such, numerous analytical methods have been
implemented in literature with the aim to improve the FAR analysis toolbox by
incorporating OFAR, with the common targets of OFAR analysis normally being one of

the compounds which Goudsmits et al. described as characteristic*' (Table 1.1).

Gas Chromatography (GC) was an obvious choice for these materials considering the
process by which OFAR is generated. Wu et al. reported a GC method coupled with mass
spectrometry (MS) with a detection time of less than 10 minutes and a limit of detection
(LOD) of 0.05 to 1 ng for DPA and its various nitrated derivatives’. In addition, Burleson
et al. employed solid phase micro-extraction and a nitrogen phosphorus detector to
develop a GC method detecting DPA and EC along with other characteristic compounds
down to 10 ng in 2 mL%. GC suffers from incompatibility with some of the characteristic
compounds of OFAR, such as nitrocellulose (NC) not being sufficiently volatile and its

presence accelerating the degradation of GC columns.

Bratin and Kissinger compared OFAR analysis by liquid chromatography (LC) and cyclic
voltammetry (CV) of the more energetic material found within the residues (NC, DNT
etc.) stating that the stabilisers would be of more importance within OFAR samples, as
the methods they employed lacked sufficient LOD for the analytes of interestS!.
Chromatographic methods represent a strong group of techniques for the analysis for
OFAR, with the possibility of optimisation of conditions for successful separation and
detection of individual components within the sample matrix. Simple or preliminary
studies of high-performance liquid chromatography (HPLC) methods are readily found

within literature®!0%93,

While analysis of FAR appears to be discussed in the inorganic and organic categories,
development of methods which can observe both fractions of the evidence would prove

invaluable to forensic professionals.

One of the first methods proposed for simultaneous detection of IFAR and OFAR was a
capillary electrophoresis method developed by Morales and Vazquez®. In this method,

10 inorganic and 11 organic analytes commonly found within FAR was targeted with
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successful detection of the residues via collection from a shooters hand with cotton swabs.
However, sensitivity and selectivity appeared to be a limitation of the method with 17.95
% RSD observed for DPA%. Other methods of simultaneous analysis employed mass
spectrometry imaging with time-of-flight secondary ion mass spectrometry (MSI-TOF-
SIMS). This method proved quite promising with chemical and morphological
information of the sample with little damage in a single analysis*’. Electrochemistry has
also been employed to analyse both evidence types, with square wave anodic stripping
voltammetry successfully detecting inorganic and organic compounds on a carbon screen

printed electrode*®%.

While simultaneous analysis of FAR components may prove difficult with specific
analytical methods, sequential analysis opens many avenues. An early method proposed
by Dhal and Lott involved the use of fast protein liquid chromatography (FPLC) with
electrochemical detection for OFAR (specifically DPA) and subsequent AAS for trace
metals which may exist within the sample®. Tape lifts were analysed with SEM/EDX for
IFAR analysis and subsequent use of GC with a thermal energy analyser (TEA) and ion-
mobility spectrometer (IMS) employed for detection®’. Other methods observed OFAR
initially on carbon stubs, using desorption electrospray ionisation mass spectrometry
(DESI-MS) and subsequent SEM/EDX for IFAR, however, this method produced LODs
higher than the expected amounts in real samples®. Other groups used cotton swabs as
the collection method, employing a capillary microextraction of volatiles (CMV) prior to
the use of GC-MS for the initial OFAR analysis with subsequent laser induced breakdown
spectroscopy (LIBS) for the IFAR’. LIBS was used for the analysis of IFAR and square
wave anodic stripping voltammetry for the detection of OFAR components, indicating
that successful detection of both IFAR and OFAR could be performed by this sequential

method®®.

Simultaneous or sequential methods of analysis do have their obvious draw backs,
however, another way of developing an analytical method for the analysis of both IFAR
and OFAR from the same sample involved simply splitting the sample in half and
performing different analysis types on each half. Taudte et al. employed a form of
separation passing the sample in solution over a SEM stub and performing SEM/EDX
analysis and using the remaining solution for ultra high-pressure liquid chromatography

linked with mass spectrometry (UHPLC-MS) for detection of the organic components®’.
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The scope of analysis of OFAR is wide ranging, however, the development of rapid onsite
electroanalytical methods appears to be a welcome addition to the current state of
analytical methods either as screening methods for samples prior to traditional analysis’

or as the full suite analysis®.

The development of an electroanalytical method for OFAR presents a promising avenue
for reducing the required lab space and minimising the need for additional materials such
as gases and solvents associated with more traditional methods of analysis such as
chromatographic methods. Introducing not only a cost benefit to the method, but also a
greener alternative to classical methods, electrochemical methods in general incorporate
at least five out of the ten principles for green analytical chemistry including: in-situ
analysis methods, increasing miniaturisation, reducing reagents and waste, less energy

consumption and increasing safety’!.

However, electroanalytical methods offer benefits to forensic science practitioners
beyond the detection and identification of FAR components alone. In the next section, we
will explore how electroanalytical methods can be adapted to enhance the analysis of
impression evidence, specifically, latent finger-marks on ammunition casings, commonly
encountered at crime scenes. By using electroanalytical techniques, forensic investigators
can potentially overcome some of the challenges associated with traditional methods,
including the preservation of evidence integrity and the need for extensive sample
preparation. This approach may present an option to streamline forensic investigations,
improve the accuracy of evidence analysis, and enhance the efficiency of criminal

proceedings.
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1.2 Finger-mark Evidence

Nomenclature of finger-mark evidence is interesting in the sense that, along with many
other facets of forensic science, popular media has instead used the term ‘‘fingerprint”
when relating to finger-mark evidence. The arbitrary difference between the terms seems
of little importance, as most individuals will still understand what is being discussed.
Within forensic literature, the term fingerprint refers to the actual physical ridges
contained on a finger’?, while the term finger-mark is the piece of evidence left on a
surface after contact with a fingerprint. In order to stay in line with forensic scientific

practice, the term finger-mark is used throughout this work.

1.2.1 Types of Finger-Mark Evidence and Surfaces of Application

Finger-mark evidence is broken into three distinct categories: plastic, patent, and latent
finger-marks. Plastic finger-marks are formed when a finger is placed onto a malleable

material, allowing for a cast of the ridge detail to remain (Figure 1.8).
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Figure 1.8: Photograph of a plastic finger-mark on a sample of malleable putty.
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Patent finger-marks (Figure 1.9) are formed when there is some form of material on the
surface of the finger, be it blood, oil or dirt, before application to a surface. This results
in an ink stamp like transfer of the finger-mark to the surface. This means that when law
enforcement personnel take an individual’s finger-marks using inks they are creating

patent prints for their records.

Figure 1.9: Photograph of a series of ink-based patent finger-marks on paper.

Latent finger-marks (Figure 1.10) are formed by the natural secretions of the skin coating
the finger and remaining behind on the surface after contact. These secretions are
produced by eccrine and sebaceous glands which are present on the skin. While both
produce material which is referred to as sweat, the contents of the material from each type
of gland differ. Eccrine sweat is generally about 98% water, containing additional
inorganic (chlorides, ammonias, phosphates, etc.) and organic (amino acids, urea, sugars,
etc.) materials, while material produced from sebaceous glands contains mostly organic
materials (glycerides, fatty acids, sterol esters, etc.)’”®. The composition of both these
secretions can change due to a number of physiological factors such as age, diet or
individual medication’. However, the production of a latent finger-mark involves the
coating of this material on the finger surface, and study into the composition of the
material is not currently of great interest to forensic professionals. Unlike patent prints,
these latent prints are not normally visible to the naked eye (unless on the surface of touch

screen devices to the dismay of their users).
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Figure 1.10: Photograph of latent finger-marks on glass of the touch screen of a video game
console, with a latent finger-mark highlighted within the red circle.

Of these types of finger-mark evidence, plastic and patent finger-marks are easily
collected by forensic professionals via photography, without the need for additional

visualisation methods (apart from the correct lighting for the photograph) being used.

The most common type of finger-marks requiring additional steps to be seen are the latent
finger-marks, which need various visualisation methods to be accurately imaged.
However, before examining visualisation methods, the quality of produced finger-mark

evidence will be discussed first.

1.2.2 Scoring of Finger-mark Evidence

The quality of a finger-mark recovered from a scene is scored on two different aspects
grades and level features. The grade of the finger-mark is quantified by the amount of the
original fingerprint represented by the mark. In Table 1.2 the grading system used by the
UK Home Office is shown’”. This is used to compare the quality of visualised or enhanced
finger-marks on a surface, graded on a scale of 0 to 4, increasing in number as the quality
or visible detail of the mark increases. In simple terms the system is broken down into
three categories, not visible (Grade 0), visible but not enough detail to identify (Grade 1
and 2) and visible and enough detail to identify (Grade 3 and 4).
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Table 1.2: Finger-mark Grading system (as Defined by the UK Home Office)”.

Grade  Description

0 No ridge detail visible
1 Weak development: evidence of contact but no ridge detail
2 Limited development: about 1/3 of ridge details are present but probably

cannot be used for identification purposes

3 Strong development: between 1/3 to 2/3 of ridge details, identifiable finger
mark
4 Very strong development: full ridge details identifiable finger mark

Along with these grades there are three levels of features within a finger-mark (seen in
Figure 1.11), level 1 details are the general ridge pattern and the overall shape of the
finger-mark. While the Federal Bureau of Investigation (FBI) recognise eight different
types of categories, these fingerprints fall into the general categories of loops, arches and
whorls”?. These level features are useful for eliminating or including potential suspects,
however, it is not sufficient for an identification, as approximately 65% of the population
contain loop features, while whorls and arches make up the remaining 30% and 5%

respectively’®.

Level 2 features are the characteristics of individual ridge patterns such as location, ridge
endings, ridge splits, width and shape. Individually, these details are not means for
identification. However, when used collectively it increases the likelihood that an
identification can take place. Each of these features are classified as “points” for matching
to a reference finger-mark. The number of matching points to classify a match between
the evidence and the reference image vary depending on the jurisdiction which the
evidence is being analysed. Statistically, Roxburgh calculated the minimum number of
matching points required to classify the evidence a match to the reference. In the worst-
case scenario (bad evidence sample) 18 points were required to make a match to the
reference if taking the population of the world, while best case scenario (very good
evidence sample) 8 points would only be required for a match”’. Multiple models exist
for finger-mark classification, ranging from the rarity of the actual details to the spatial

relationship between points. While there does not appear to be any one industry standard
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model for verification of a finger-mark, these level 2 details make up the majority of the

points of comparison.

Level 3 features are the fine details within the ridge pattern such as pores, ridge edge
contours or scars. These provide the highest level of detail and can carry more weight
with their presence for claiming an identification. While level 3 features are rarely used
in the previously mentioned models, interest specifically in the pores has been developed.
Studies on relative location’®, size and shape’ led to pore modelling®®, these minute

details will see common use when visualisation techniques readily enhance these details.

ARCH TENTED ARCH LEFT LOOP RIGHT LOOP DOUBLE LOOP  WHORL

DI\

LINE-UNIT LINE-FRAGMENT ENDING  BIFURCATION EYE HOOK
LEVEL 3 FEATURES

PORES LINE SHAPE INCIPIENT CREASES WARTS SCARS
RIDGES

LEVEL 2 FEATURES

Figure 1.11: Example of features found within the three levels of features within a finger-mark®'.

Given the above account of the criteria of high-quality visualisation of a finger-mark, the

methods by which these marks are visualised are discussed below.
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1.2.3 Visualisation Methods for Latent Finger-marks

There are a wide variety of visualisation techniques for finger-mark evidence at the

disposal of forensic professionals, and in a lot of circumstances, the selection of the

visualisation method relies on criteria such as:

e The type of surface the mark has been deposited on, i.e. porous or non-porous.
e The material on which the mark has been deposited, i.e. metallic, plastic,
magnetic, glass, paper.

e The quality of the finger-mark, i.e. age, environmental degradation, smudging.

These common visualisation methods can be categorised as powder, light or chemical

visualisation.

1.2.3.1 Powder Visualisation of Latent Finger-marks

Depending on the surface colour, different coloured powders can be used to aid in the
contrast of the visualised finger-mark to the surface. Black powder is a fine carbon-based
powder that is used to develop latent finger-marks on light or pale-coloured surfaces.
While white powders, generally consisting of fine particulate of aluminium or zinc oxide,
are used for dark or multi-coloured surfaces. In both cases, the powder is applied using a
brush or a feather duster, adhering to the moisture and oils present in the finger-marks,

making them visible®.

Another common type of powder which may be used are fluorescent powders.
Fluorescent powders are a type of powder that emit a bright, fluorescent colour under
ultraviolet (UV) light. It is useful for developing latent finger-marks on surfaces that do

not respond well to other types of powders, such as fabrics®.

One final powder, which may act as the bristles of the brush during application is
magnetic powder. This powder consists of magnetite iron particles (Fe3O4) and is applied
using a wand with a small magnet located at the tip (magna-brush) (Figure 1.12). The
particles within a magnetic field create bristles, allowing for a very soft and gentle dusting
process for more delicate finger-marks®?. This method is hindered if the material of
interest 1s magnetic, as close proximity to the magna-brush can lead to accidental contact

and possible damage of the mark.
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Figure 1.12: Photographs of A) In house fabricated magna brush, B) latent finger-mark on glass
visualised with magnetic powder and C) magnetic powder visualised finger-mark as seen in (B)
at x1000 magnification.

1.2.3.2 Light Sources for Latent Finger-mark Visualisation

Sometimes light sources can be utilised to allow for high quality photography of the
finger-marks on a surface. White light is the most commonly used light source in finger-
mark photography. It provides a broad spectrum of light that is useful for general
observation and photography of finger-marks. White light may be used for locating

finger-marks to be further visualised with the previously mentioned powders®’.

In conjunction with other forms of visualisation, UV light is particularly useful for
visualising latent finger-marks that are not visible to the naked eye. UV light can be used
in conjunction with powders, dyes or other light sources to enhance the visibility and
detail of finger-marks. Infrared (IR) light can be used to visualise finger-marks on
surfaces that are not visible under normal lighting conditions. IR light can penetrate some
materials and reveal finger-marks that are not visible under white light or UV light®*. To
gain more information about the topology of the finger-mark, polarised light can be used
to reveal details about the orientation and thickness of the ridges. By using polarised light
filters, the investigator can gather additional information that is not visible under normal

lighting conditions®”.
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1.2.3.3 Chemical Methods for Latent Finger-mark Visualisation

When the more simplistic methods of visualisation (i.e. powders and light) do not produce
sufficiently visible latent-finger-marks or they are not suitable for the surface type,
chemical-based methods of visualisation can be employed. Ninhydrin reagent reacts with
the amino acids present in latent finger-marks, producing a purple or blue colour (Scheme
1.2). This reaction can take several hours to develop, and the resulting prints are

permanent allowing them to be photographed for further analysis®®.

0O
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Ninhydrin Ruhemann's Purple
(Colourless) (Dark Purple)

Scheme 1.2: Simplified mechanism of ninhydrin reaction with amino acids which can be present
within latent finger-marks, resulting in a dark purple compound called Ruhemann’s Purple®’.

1,8-Diazafluoren-9-one (DFO) reacts with the amino acids present in finger-marks,
producing a fluorescent colour that can be visualised using UV light (Scheme 1.3). DFO
is particularly useful for developing finger-marks on dark or multi-coloured surfaces that

do not respond well to other types of powders or chemicals.

Amino Acid

(0]

/

OH

MeOH at 65 °C

Scheme 1.3: Simplified mechanism of 1,8-Diazafluoren-9-one (DFO) reaction with amino acids
which can be present within latent finger-marks, resulting in a compound which can fluoresce

under UV light®.
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Silver nitrate is a chemical reagent that reacts with the chloride ions present in sweat,
producing a brown or black colour that can be visualised using UV light. This method is
particularly useful for developing finger-marks on porous surfaces such as paper or
cardboard®®. Possibly the most familiar method within popular media is cyanoacrylate
fuming. Cyanoacrylate fuming involves exposing finger-mark evidence to cyanoacrylate
vapours, which react with the moisture and oils present in the finger-marks, producing a
white or light-coloured print. This method is particularly useful for developing finger-

marks on nonporous surfaces such as glass or metal®”.

Throughout the visualisation methods, the surface to which the latent finger-mark was
applied can be a deciding factor. The specific surface of interest for the work in this thesis

1S ammunition casings.

1.2.4 Ammunition Casings

Ammunition casings are the containers that hold all the other components together in a
single unit (Figure 1.13). The material of choice for these casings are important for many
factors including type of ammunition, area of use and reusability®'. Plastics are utilised
for casings such as shotgun shells, or synthetic polymer casings which have seen use in
modern ammunition. Steel had been commonly used in World Wars I and 11, due to its
ease of fabrication, however, the steel casings would usually deform decreasing the
reusability of the casings. Brass ammunition casings are still to this day the industry
standard, as they are used to produce reliable and reusable ammunition casings. Brass is
regularly used for this purpose, and a specific alloy composition called cartridge brass

(70:30, Copper:Zinc)®>** is used in the making of ammunition casings.

Bullet Casing

Figure 1.13: Example of brass ammunition, identifying casing and bullet.
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1.2.5 Finger-marks on Ammunition Casings

While visualisation methods for latent finger-marks have been discussed previously, the
application of these methods is dependent on the surface type the mark was applied to.
SEM imaging has seen successful has been successfully used for the visualisation of latent
finger-marks on a variety of metallic surfaces including brass’*. However, it is crucial to
acknowledge that SEM may not be the optimal choice for analysing a large bulk of
samples, primarily due to the challenges associated with accurately locating the area of
interest, without the prior use of visualisation methods, such as metal deposition onto the

96

mark®, surface corrosion®® or cyanoacrylate fuming®*.

Wightman and O’Connor utilised SEM to develop finger-marks on brass, aluminium, and
steel surfaces, common materials in ammunition casings. Employing a low thermal mass
furnace, they achieved favourable results, particularly with brass samples heated to 200
°C (Figure 1.14). The study also explored the influence of deposition time, yielding
promising outcomes. However, limitations include a small sample size (three donors) and
the inherently destructive nature of the method, potentially leading to the loss of donor-

specific information®’.

Figure 1.14: Latent finger-mark visualised at 180 °C after 3 days of storage by Wightman &
O’Connor’’.

Jasuja et al. investigated the development of eccrine and sebaceous sweat generated
finger-marks on metallic surfaces using an immersion approach lasting 10-20 minutes.
The metal substrates with latent finger-marks were immersed in solutions of varying pH,

with some experiments involving a second metallic surface to expedite the reaction.
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Favourable outcomes were observed on surfaces such as aluminium, zinc, copper, and
brass. The authors noted that certain metals exhibited optimal development in slightly
acidic solutions, while others required a more basic environment. Although the authors
used their own grading scale, the method demonstrated effectiveness, successfully
developing finger-marks from 10 different donors, including older marks of 10 days®®.
This method was further applied to fired and unfired ammunition casings by Liu et al.
While finger-mark development was successful for the majority of unfired casings, only
a limited number (4 out of 60) yielded positive results on fired cases. The study indicated
that the heat and friction associated with firing had a detrimental impact on finger-marks.
Liu et al. further proposed that the visualisation of finger-marks improves with longer
deposition times on cases, allowing for increased corrosion. In this specific investigation,
the casings underwent a 24-hour immersion period (Figure 1.15). These findings shed
light on the challenges posed by fired cases in finger-mark development and emphasise

the importance of deposition duration in achieving optimal visualisation®”.

Figure 1.15 Latent finger-mark visualised on an unfired ammunition casing held in a pH 7 buffer
for 24 hours by Lui et al®®.

These corrosion effects have also been exploited by electrochemical methods. Bond has
been involved in a series of works which have employed electrochemical methods to aid
in the visualisation of latent finger-marks. Initially, this involved depositing a conducting
powder onto the latent finger-mark on a brass surface and applying a very large potential
difference to the surface (1.4 kV). Observation of how the potential changed on the
surface of the brass allowed for the identification of ridge detail'®, in a similar manner to

how scanning electrochemical microscopy would function. In the next reported work, the

27




Chapter 1: Introduction

authors increased the applied voltage to 2.5 kV using ammunition casings as the substrate.
Instead of measuring the AV, a more simplistic method of surface corrosion was employed
allowing for patterns of finger-mark corrosion to be imaged on the surface of a fired brass
ammunition casing'°""'%2, Sykes and Bond continued development by gathering a greater
understanding of how these methods were affected by different alloys of brass,
concluding that the composition of the brass can in fact inhibit the visualisation

technique'®.

Other methodologies of latent finger-mark visualisation on metal substrates utilised the
electrochemical deposition of material onto the surface. This allows the latent finger-mark
to act as a mask or stencil on the surface, with the deposition of material in between the
ridges of the finger-mark in turn visualising a “negative” of the mark. Conducting and
redox polymers have been a prime choice for this deposition material. In a proof-of-
concept study, Sapstead et al. investigated the insulating effect of finger-marks on metallic
surfaces, particularly focusing on stainless steel films. They employed electro-oxidation
of copolymers (pyrrole and EDOT) to enhance the visualisation of negative finger-marks,
considering factors such as film colour, composition, and topography. Despite the
preliminary nature of the study, the authors reported successfully visualised finger-marks
achieving grades 3-4'%4, Beresford and Hillman replicated successful outcomes by
employing polyaniline films on stainless steel plates, demonstrating effectiveness on both
aged and fresh finger-marks. The study, tested with only one donor, however, involved
generating a variety of finger-marks under diverse sweat inducement times and deposition
pressures. The practical utility of the method for forensic purposes was constrained, with

105 Hillman continued with

only 40% of the produced finger-marks being deemed usable
Brown using polymerised EDOT (PEDOT) alone, and various donors and deposition
times were employed to evaluate the method's efficacy (Figure 1.16). Samples were also
enhanced using established techniques for comparative analysis. The electrochromic
deposition method achieved over 50% successful enhancements, with a 60% success rate
noted for samples aged 7 days. These findings suggest that electrochromic deposition can
complement the cyanoacrylate fuming method, particularly on substrates where this

method proves unsuccessful'%.
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Figure 1.16: Sebaceous latent finger-mark on stainless steel under potentiostatic conditions in 1
M EDOT with 0.01 M H>SO4 and 0.02 M sodium N-lauroylsarcosinate by Brown & Hillman'®.

More recently, Costas et al. employed PEDOT also, stating successful finger-mark
visualisation on brass ammunition casings (grades 3 and 4) via low-potential
chronocoulometric method, observing successful visualisation within 180 seconds'®’.
Broncova et al. took a different approach depositing polyneutral red at brass ammunition
surfaces via cyclic voltammetry, resulting in successful visualisation on unfired casings,

while partial or poor-quality visualisation was reported for marks on fired ammunition

casings'®!'% (Figure 1.17).

Figure 1.17: Partial visualisation of a latent finger-mark on a fired ammunition casing via CV
over the potential range of -0.3 to 0.6 V at 50 mV.s”' for 6 cycles'®.

As these conducting and redox polymers are the basis of the visualisation methods
proposed in this work, they are described in more detail below, and in the introduction to

Chapter 5.
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1.2.6 Conducting and Redox Polymers

Polymers have seen a wide variety of uses in modern life, and are typically insulators,

such as the coatings on wires. However, conducting polymers exist which exhibit
conducting or semi-conducting properties. The conducting properties of polymers are
described by the band gap theory of solids, electron delocalisation, and the choice of
doping anions''’. A simplified diagram of band gap energies is shown in Figure 1.18.
This illustrates the highest occupied energy level (HOMO) for electrons, known as the
valence band, and the lowest unoccupied level (LUMO), the conduction band. The energy
required to transition an electron from the valence to the conduction band defines the
band gap energy. For example, insulators form when the band gap energy is large (>10
eV), hindering electron promotion into the conduction band. Conversely, conductors
emerge when the valence and conduction bands overlap, resulting in no band gap energy.
Semi-conductors, with an energy gap of approximately 1 eV, facilitate electron promotion
into the conduction band. Generally, conducting polymers exhibit a band gap energy close

to 1 eV, rendering them semiconductors (Table 1.3).

Insulator Semi-conductor Conductor

Conduction Band
Conduction Band

Conduction Band
E,>10eV E,=leV NoE

Valence Band
Valence Band

Valence Band

Figure 1.18: General energy difference between the valance band and conduction band for a
insulator, semi-conductor and conductor.

Table 1.3: Band gaps for conventional and polymeric semiconductors'.

Material Band gap (eV) Material Band gap (eV)
Silicon 1.1 Polyacetylene 1.7
Germanium 0.7 Polypyrrole 3.2
Cadmium Sulfide 2.5 Polythiophene 2.0
Zinc Oxide 33 Polyparaphenylene 3.5
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The conductivity of these polymers is not fully explained by band gap theory. Conducting
polymers and redox polymers, while sharing some common features, serve distinct
functions and display unique characteristics. Conducting polymers derive their
conductivity from charge carrier movement, typically electrons or holes, along the
polymer chain, giving them unique electrical and conducting properties!!2. This mobility
is facilitated by conjugated m-electron systems within the polymer structure, with the n-
bonding molecular orbitals representing the valence bands and the m*-antibonding
molecular orbitals constituting the conduction band. While the band gap between these
two bands can be used to inform the intrinsic electrical properties of the material, it should
only be observed as a qualitative relationship between the size of the gap and the
conductivity. Conductivity is dependent on the number and mobility of available charge

carriers within the polymer'!! (Figure 1.19)(Table 1.4).

6 1
3 \
Cycle 50
4
3
ER
) Cycle 1
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0 0.1 0.2 03 0.4 05 0.6 0.7 0.8 0.9 1
E /Vvs. AglAgCl

Figure 1.19: Example of cyclic voltammogram for the formation of poly-N-ethylaniline on a
glassy carbon electrode over the potential range of 0 to 1 V vs. Ag|AgCI (3 M KCI) at 50 mV.s™
for 50 cycles (showing cycles 1-10 and every subsequent fifth cycle, 15, 20....50) inset: Zoomed
in area of electrochemical responses.
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PolyN-ethylaniline
(leucoemeraldine)

2e

\%Q\ /@/ \@\ /@/;| Polaronic form

2e

/N Bipolaronic form
+/

+2e

/N /N PolyN-ethylaniline
(pernigraniline)
+/

Scheme 1.4: Oxidative and reductive processes of poly N-ethylaniline (adapted from Direksilp
and Sirivat.'3).

Table 1.4: Conductivity values for common metals and conducting polymers'!!

Metal Conductivity (S.cm™') Polymer Conductivity (S.cm™)
Dedoped Doped
Form Form
Silver 6.29 x 10° Polypyrrole ~1071° 10— 10°
Copper  5.65x 10° Polythiophene ~10710 10>—10°
Platinum  1.00 x 10° Polyparaphenylene ~10'2 5x 10?
Mercury  1.04x 10* cis- Polyacetylene  ~107’ 10° - 10*
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These polymers find applications in electronic devices, sensors, and conductive coatings,
making them valuable in areas like flexible electronics and organic solar cells. In contrast,
redox polymers undergo reversible redox reactions, with electrostatically and spatially
localised redox sites that can be oxidised or reduced. Electrons are transported through
an electron exchange reaction (electron hopping) between neighbouring redox sites,
contingent on segmental motions enabling such movement!!'* (discussed further in
Chapter 6). Redox polymers fall into subclasses, including those with covalently
attached redox sites, either integrated into the chain or as pendant groups, often involving
organic or organometallic molecules!''>. Another subclass comprises ion exchange
polymeric systems or polyelectrolytes, where redox-active ions, typically complex
compounds, are bound electrostatically. These polymers find applications in energy
storage, electrochemical sensors, and bio electrochemical devices. The distinction lies in
the electronic conductivity of conducting polymers, while redox polymers produce
reversible redox reactions, making them crucial for processes requiring electron transfer.
Polymers like these are utilised within this work to act as contrast agents, with the
intention of generating the previously mentioned “negative” finger-mark, by observing
the areas on the brass surface which do not contain the electrochemically deposited

polymer.

1.3 Research Goals for this Work

Firearm related crime is prevalent across the world and development of rapid and reliable

forensic techniques can aid in bringing those who perpetrate these crimes to justice.
The two overarching aims of this project are to:

A) Develop a novel electroanalytical method for the detection of OFAR by:

1. Understanding the redox behaviour of characteristic analytes of
interest found within OFAR, using cyclic voltammetry to advance
insights into secondary product formation arising from
electrochemical measurements or chemical degradation.

ii. Developing an electrochemical method capable of multi-analyte
analysis at a chemically modified electrode with application to a
genuine FAR sample.
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Translating this method to a low-cost bespoke screen-printed

electrode, suitable for onsite measurements of FAR.

B) Develop an electrochemical method for the visualisation of latent finger-marks on

a brass surface by:

1.

ii.

iii.

1v.

Understanding how the brass surface behaves electrochemically in
selected environments.

Electrodeposition of a range of materials and their combinations
onto the surface of the brass and optimising the deposition solution
for production of the highest quality finger-marks.

Visualising latent finger-marks (groomed and donor samples) on
brass surfaces following high temperature treatment and a room
temperature aging study in order to mimic the firing of the weapon
and aging of the finger-marks.

Applying this rapid, innovative visualisation technique to
ammunition casings for high quality visualisation of latent finger-

marks.
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Multiple analytical techniques were employed in this work, in both qualitative and
quantitative capacities. The following sections describe these techniques in so far as they
operate and produce analytical data, starting with electrochemical analysis then

continuing into methods employed for material and surface analysis.

2.1 Electrochemical methods

Electrochemistry broadly involves the study of oxidation and reduction (redox) reactions
in an electrolytic solution by observing parameters such as current (/), charge (Q) or
potential (E)!. Oxidation (Equation 2.1) and reduction (Equation 2.2) are fundamental
chemical processes that involve the transfer of electrons between species, with oxidation

being the loss of electrons while reduction is the gain of electrons.

Oxidation: A = A" + ne™ 2.1

Reduction: A + ne”™ - A"~ 2.2

Species which have the ability to either accept or donate electrons are termed
“electroactive” species. This transfer of electrons occurs at the working electrode (WE)
in an electrochemical cell and allows for the changes in the above-mentioned parameters

(1, Q and E) to be observed and measured?.

If undergoing oxidation, the species is supplying electrons to the circuit and thus
increasing the current, conversely a species undergoing reduction takes electrons from
the circuit effectively decreasing the observed current. There are two main types of
current produced during electrochemical reactions: faradaic or non-faradaic (capacitive)
currents®. Electron transfer between the analyte and the WE results in faradaic current,
which as described by Faradays’ Law (Equation 2.3) stating that the amount of electricity
that passes through an electrolyte solution during an electrochemical reaction, is

proportional to the amount of chemical change®.

Q =nFN 2.3

Where Q is charge (C), n is the number of electrons and F'is Faraday’s constant (F, 96,485

C.mol") and N is the number of moles of substance converted (mol).

In this research, current and current density are where the current is a rate at which the

total charge is collected, as seen in Equation 2.4,
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where i is the current measured in amperes (A) and ¢ is time in seconds (s). To convert
this value to current density () it is simply the current divided by the area of the WE in

use (Equation 2.5)*.

=L 2.5
] - A °

where j is the current density measured in A.cm™ and 4 is the area of the electrode in cm?.
Non-faradaic current or capacitive current, is created by both polar and charged species
that are present at the interface between the WE surface and the solution, an interface area
is known as the electrical double layer. If the electrode holds a negative charge, positively

charged ions in close proximity to the electrode surface will arrange next to the positively

charged surface and vice versa (Figure 2.1).
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Figure 2.1: Electrical double layer containing the inner and outer Helmholtz planes and diffuse
layer interface at an electrode surface, showing continuation into bulk solution.
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2.2 Mass Transport

The movement of species within an electrochemical system is predominantly described

by the Nernst-Planck equation (Equation 2.6)*:

e - iFDi i= -

Where in all cases the subscript i refers to the species of interest, while the variables not

previously mentioned are J, as the molar flux (mol.s™"), D; as the diffusivity (m?.s™), c; as
the concentration (mol.cm™), z; as the relative charge of the species, ¢ as the electric

potential and U as the fluid velocity.

This equation includes the three principal mechanisms of mass transport: diffusion,
migration and convection. Diffusion involves the movement of species across a
concentration gradient from an area of high concentration to an area of low concentration.
Therefore, if a species undergoes oxidation or reduction due to the applied potential at the
electrode, the original concentration at the surface of the electrode will decrease, in turn
creating an area of low concentration at the electrode surface during the diffusion process.
Migration involves the movement of charged species influenced by an applied potential
and depends on the charge and concentration of the species. Its effects can be controlled
with the use of high concentrations of electrolytes!. Convection involves the physical
movement of the solution components by either mechanical (stirring) or thermal
(convection currents) means. This process allows the species to be replaced at the surface
without any physiochemical properties of either the solution or electrochemical species

being utilised (Figure 2.2).
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Figure 2.2: Diagrams of the three principal mechanisms of mass transport: diffusion, migration
and convection.

Mass transport may be described in a single direction (Figure 2.3), allowing for the

simplification of Equation 2.6 to Equation 2.7*:
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Figure 2.3: Overview of redox processes involved in the generation of an electrochemical signal.
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For accurate modelling of electrochemically active species, it is often desirable to isolate
diffusion as the sole transport mechanism. Experimentally, this isolation requires the
elimination of convection and migration. Firstly, the solution must remain stagnant (i.e.
no mixing or stirring) to suppress convection and secondly, introducing a high
concentration of a supporting electrolyte that does not undergo redox reactions within the
potential range of interest. Consequently, the supporting electrolyte predominantly carries

the current, thereby minimising the migration of electrochemically active species.

Under these conditions, mass transport of electrochemically active species occurs solely
via diffusion, as described by Fick's first law (Equation 2.8)*:

_ aCi
]i - _Dla

2.8
When diffusion is the only transport method, Fick's second law is also applicable and can
be simplified to one dimension (Equation 2.9)*:

2
S=p,24 2.9
Combining these laws allows for the calculation of the transient flux of electrochemically
active species. If a sufficiently large potential step was applied this could lead to the
complete depletion of the reactant at the electrode surface, establishing diffusion
limitations on the current. Thus, the current can be related to the flux (Equation 2.10)
further enabling the derivation of a model that describes how current varies with time

under diffusion-limited conditions (Equation 2.11)*:

i
J=—— 2.10

it) _ dc;(t,x)
nFA b ax ly—

2.11
The dynamic model for diffusion-limited conditions is observed through the Cottrell
equation (Equation 2.12), which predicts that current decays as the inverse square root

of time following a potential step*:

i(t) = b
i(t) = nFAc\/:t 2.12

This behaviour is attributed to the thickening of the diffusion layer over time, which
diminishes the concentration gradient and consequently the diffusion rate, leading to a

decrease in diffusion-limited current. Despite its utility, the Cottrell equation has
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limitations as it applies solely to diffusion-limited currents, predicts an infinite initial
current (which is impractically high to measure), and does not account for convection that
may arise over time, invalidating the diffusion limitation assumption. Additionally, it
neglects the previously mentioned non-Faradaic currents such as double-layer charging.
Nonetheless, the Cottrell equation facilitates several experimental techniques for
characterising diffusion in electrochemical systems, the first of which will be discussed

in the next section.

2.3 Electrochemical Experimental Techniques

2.3.1 Chronoamperometry

Chronoamperometry (CA) is a large amplitude technique with entails stepping the
potential of the working electrode from a value where no faradaic reaction occurs to a

potential at which the surface concentration of the electroactive species is effectively zero

(Figure 2.4).

Time

Figure 2.4: Generic graph showing potential step (with respect to time) for a chronoamperometry
experiment.

To match the assumptions of the Cottrell equation this experimental method employs a
stationary WE and an unstirred solution. The arising current-time dependence is then
monitored. Under these conditions, as mentioned previously, mass transport occurs
exclusively by diffusion, and the current-time curve (Figure 2.5) reflects the evolution of

the concentration gradient near the electrode surface.
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v

Time

Figure 2.5: Generic graph showing the current response to time during a chronoamperometry
experiment.

From this data a plot of i vs. % will result in a slope equal to nFAc \E which can be useful
for determining the diffusivity of a species of interest. Chronocoulometry involves
integration of the current response in CA resulting in measurement of O, after the potential
step. The monitored response involves output of charge-time plots. While such techniques
are very useful tools in electrochemical measurements, within this thesis the most

prominent form of electrochemical methods employed falls under the category of

voltammetry.

2.3.2 Linear Sweep Voltammetry

Linear sweep voltammetry (LSV) is a controlled potential electrochemical technique
which employs a stationary electrode to investigate the redox behaviour and
electrochemical properties of species in a solution. LSV involves applying a linearly
increasing (or decreasing) potential to an electrochemical cell while measuring the
resulting current®. This technique provides insights into the oxidation and reduction
processes of analytes, their concentration levels, and their electrochemical kinetics

(Figure 2.6).

The core principle of LSV centres around the systematic variation of the electrode
potential and the observation of the corresponding current response. As the applied

potential changes, electrochemical reactions occur at the electrode surface, leading to
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changes in the current flowing through the cell. The resulting data is graphed as a

voltammogram, where the current is plotted against the applied potential.

A) 02 B)
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Figure 2.6: Generic examples of A) potential vs. time and B) current vs. potential during a LSV
experiment for an oxidative process.

2.3.3 Cyclic Voltammetry

If instead of sweeping in a single direction, the method was employed to sweep to a

potential and then return to the original starting potential the method changes from LSV
to Cyclic Voltammetry (CV). CV is a very useful and widely applied technique for the
exploratory evaluation of redox behaviour or elucidation of electrochemical properties of
an analyte of interest®. It allows for the observations of cathodic and anodic potentials, at
which the species of interest undergoes reduction or oxidation. CV involves applying a
potential at a constant rate in a triangular wave form, sweeping from a minimum applied
potential to the maximum and returning (Figure 2.7 (A)). This sweep is classified as one
cycle and within this cycle there are two distinctive processes, the anodic and cathodic
sweeps. During the sweep, the potentiostat measures the current (1) resulting from the
applied potential (E), and the resulting plot of this measurement is called a cyclic
voltammogram (Figure 2.7 (B)). Redox active analytes produce signals or peaks from
which the peak potentials can be obtained for anodic or cathodic processes (E, and Ej
respectively), while at these potentials a current which is concentration dependent is also

observed (I and I,).
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Figure 2.7: Generic examples of A) potential vs. time and B) current vs. potential for a reversable
or Nernstian system.

For an electrochemically reversible reaction (R = O + ne™) the potential of the electrode
can be used to establish the concentration of the electroactive species using (Equation

2.13) the Nernst equation’:

o0 , 23RT Co(0,0)
E=E t= log—cR(O't) 2.13

where E° is the standard potential for the redox reaction R is the universal gas constant
(8.314 J.K!.mol!), Tis the Kelvin temperature, # is the number of electrons transferred
in the reaction, and F is the Faraday constant [96,487 C.mol!]. Co(0,t) and Cr(0,t) are the
surface concentration of the reactants’. The peak current response for a redox reversible

analyte may be described by (Equation 2.14) the Randles- Sevéik equation®:

3 1 1
ip = (2.69 x 10°)nzACDzv2 2.14
where 7 is the number of electrons involved in the process, A4 is the electrode surface are

in cm?, C is the concentration of the analyte in mol.cm™, D is the diffusion coefficient in

cm?.s! and v is the potential scan rate in V.s™.

As current is directly proportional to concentration, if a linear response is observed in a
plot of I,vs. /v the process is said to be diffusion controlled, while if the plot of Iy vs. v

provides a linear response, this indicates a surface confined process.

In the case of irreversible processes, there is slow electron exchange between the redox
species and the working electrode, individual peaks are reduced in size and widely
separated. Totally irreversible systems exhibit a peak potential shift with the scan rate

(Equation 2.15)":
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1
_ o RT _ k_” (anaFv)E
Ep =F o [0.78 l?’l\/5 +In °T ] 2.15

where o represents the transfer coefficient and 7, is the number of electrons involved in
the charge transfer step. Consequently, £, occurs at potentials higher than E°, with the
overpotential linked to £° and a. This peak displacement can be compensated by adjusting

the scan rate, and the voltammogram contains widely separated peaks as an decreases’.

The peak current given by Equation 2.16 is still proportional to the bulk concentration,

however still lower (about 80%) compared to a reversible process’.

1 1 1
i, = (2.99 x 10°)n(an,)z. A.C. D2.Vz 2.2.16

Quasi-reversible electrochemical processes (10 > k® > 10 cm.s!) exist where the
current is controlled by both charge transfer and mass transport processes, via the
reversibility parameter (Equation 2.17) which is effectively the ratio of charge transfer

(k°) to mass transfer rates®.

A= 2.17

Large values represent a more electrochemical reversible process, while low values
indicate electrochemically irreversible behaviour®. The voltammograms of quasi-
reversable processes appear more drawn out with much larger separation between the

peak potentials’.

2.3.4 Differential Pulse Voltammetry
Differential Pulse Voltammetry (DPV) is a useful electrochemical technique in the study

of redox behaviour of substances in a solution. The fundamental principle of DPV
involves the application of a series of fixed magnitude potential pulses, superimposed on

a potential ramp (Figure 2.8) to an electrochemical cell containing the sample solution®’.
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Figure 2.8: Generic example of potential vs. time during DPV analysis, indicating the parameters
of pulse increment, period, width, height and the locations of current measuring.

These voltage pulses are applied in rapid succession, with a small-time interval (known
as the pulse width) between each pulse. The potential of the working electrode is stepped
up and down, resulting in a voltage profile resembling a staircase pattern. The key feature
of DPV is that it measures the difference in current (4i) before (¢;) and near the end of (z2)

each voltage pulse (Equation 2.18)":
Ai = i(tz) - i(tl) 2.18

This results in lower capacitive current and limits of detection as low as 10 M. This
difference in current is plotted against the base potential, resulting in a differential pulse
voltammogram of Ai vs. E and the resulting voltammogram consists of current peaks for
the analyte of interest which are directly proportional to their concentration (Equation

2.19)°:

2.19

i nFANDC (1—_0)
b= [n(t,—t1) \1+0o
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Where o is given by Equation 2.20°:

_ nFAE
o = exp (-

And the term (;—Z) describes the effect of the pulse height (AE) on Ai. DPV is particularly

2.20

valuable for analysing electroactive species and investigating their concentration levels,

kinetics, and electrochemical properties.

2.3.5 Electrodes used in the Electrochemical Cell.

During the previous section reference have been made to electrodes (specifically working

electrodes). Within this work the three-electrode electrochemical cell is utilised for
electroanalytical experiments. The three electrodes of interest within this set-up are the
WE the counter electrode (CE) and the reference electrode (RE). The fundamental
purpose of a WE is to facilitate electron transfer, which occurs at its surface during
electrochemical reactions. These reactions can involve the oxidation or reduction of a
species, resulting in the change in flow of electrons within the circuit and subsequently
the observed current. This observed current is passed through a circuit between the WE
and CE. The CE’s purpose is to complete this circuit and allow the current to flow (acting
as a source or sink of electrons). As such, the CE needs to be made of materials which are
inert such as carbon or platinum and should be much larger than the WE to ensure that no

limitations in current are due to the CE?>.

The final type of electrode within the three-electrode cell is the RE, where the potential
of the WE is controlled relative to the RE. RE’s should have stable and reproducible
potentials, preferably using a reversible process. In these reversible RE’s a small cathodic
current produces a reduction reaction while a small anodic current produces an oxidation
reaction®. Equation 2.21 represents the reaction for the type of reference electrode used

throughout this PhD thesis the silver/silver chloride (Ag/AgCl) 3M KCl electrode.
AgCl+e” = Ag+Cl™ 2.21
Another type of RE which is used in this work was a pseudo-reference electrode, an

electrode whereby no appreciable current is allowed to flow through and is used to

observe or control the potential at the WE for low current systems. While the pseudo-
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reference electrode fulfils the role of a traditional RE the electrochemical processes

allowing it to do so are not as well defined as traditional RE’s.

2.4 Additional analytical techniques used in this thesis

While electrochemical methods were the main focus of data generation within this thesis,

numerous other analytical techniques were employed within the thesis.

2.4.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is an imaging technique, which employs a focused
beam of electrons to probe the surface structure and texture of samples, providing detailed
visual information at the micro and nano-scale level compared to traditional lens-based
microscopy. The fundamental principle of SEM focuses on the interaction between the
electron beam and the sample, allowing for surface characterisation and topological
understanding of the sample. Figure 2.9 shows a simplified diagram of the internal
components of a scanning electron microscope. The electron gun generates the beam of
electrons with the use of a heated tungsten filament, due to the high temperatures applied,
excited electrons of between 1-30 keV are generated. The velocity of electrons can be
adjusted by varying the applied accelerated voltage. When directed towards the sample,
the electron beam is guided through a Wehnelt cylinder, limiting its diameter to a range
of 10-50 um. To prevent electron dispersion, a vacuum system is maintained within the
instrument's chamber. Two condenser lenses work to sustain the electron beam diameter,
reducing it to about 2-10 nm. This focused beam then passes through scanning coils
positioned along its axis, aligning it to a focal point. Adjusting the current in these coils
can influence the electromagnetic strength. The electron beam undergoes its final
magnification through a second lens, known as the objective lens, before interacting with

the sample.

When the electron beam interacts with the sample of interest, it generates two distinct
signals composed of photons and electrons. Typically, the most commonly used signals
are secondary and backscattered electrons. SEM instruments often incorporate various

signals, such as secondary electrons, backscattered electrons, and x-ray signals.

63



Chapter 2: Theory Behind Experimental Techniques

Secondary electrons, characterised by their scattering from the sample surface, typically

exhibit low energy” .
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Figure 2.9: Simplified diagram of the components of a SEM.

2.4.2 Enerey-dispersive X-ray Spectroscopy

Energy-dispersive x-ray spectroscopy (EDX) is an analytical technique commonly used
in conjunction with SEM to characterise the elemental composition of materials at a
microscopic scale. EDX provides insights into the types and quantities of elements
present in a sample by detecting the X-rays emitted when electrons from the sample's
atoms are displaced during interaction with an electron beam. Energy-dispersive X-ray
Spectroscopy (EDX) is commonly employed in conjunction with SEM, utilising the
generation of X-rays during electron-sample interactions. When the electron beam
interacts with the sample, secondary electrons are created, leaving atoms in the sample
with “holes” in their electron shells. If these “holes” are in inner shells, the atoms are left
in an unstable state. Electrons from higher energy outer shells then drop into the vacant

sites, emitting X-rays as they transition from higher to lower energy states (Figure 2.10).
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Characteristic X-Ray Primary e Beam

Figure 2.10: Simplified image of X-ray generation during EDX analysis.

This process allows for the identification of the elemental composition of the sample, as
each element emits X-rays with characteristic energy and wavelength. EDX is a non-
destructive technique, much like SEM. It can perform elemental analysis in small areas,
as tiny as 0.5 um. The emitted X-rays originate from a depth determined by the formation

depth of the secondary electrons, typically ranging from 0.5 to 2 pm!°.

Additionally, EDX analysis can quantify the detected elements by calculating the area
under the peak of each identified element in the sample spectrum. These calculations
convert the area under the peak into weight or atomic percentage. However, the accuracy
of quantitative analyses is influenced by the surface roughness of the sample!! therefore

within this work only qualitative analysis was performed.

2.4.3 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) serves as a crucial technique for unravelling the
elemental composition and chemical states within a material, particularly at its surface
layers. In the XPS process, soft X-rays, typically in the range of 1-3 keV are directed
onto the material, inducing the ejection electrons in orbitals with binding energies less
than the energy of the X-rays from surface atoms (Figure 1.29). The resulting
photoelectrons carry kinetic energy and unique characteristics that unveil both the

elements present and their specific chemical states. These ejected photoelectrons are
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detected using an energy analyser, to precisely measure their kinetic energy. This analysis
determines the binding energy of the electrons, allowing for the identification of
corresponding elements within the sample. Detection of the ejected electrons, quantified
at various kinetic energies by detectors, generates the XPS spectrum, or survey spectrum.
This spectrum provides valuable information about the material's elemental composition.
Moreover, high-resolution XPS spectra are obtained for specific elements, offering
detailed insights into the chemical states of the atoms. This is essential for understanding
the chemical bonding and electronic structure of the material. An inherent characteristic
of XPS is its surface sensitivity. The technique typically probes depths of just a few

nanometres, making it particularly adept at studying the surface chemistry of materials'?.

Analyser
Detector
Electron lens
Monochromator Photoelectrons
e X-rays
| . |
Anode Sample

Figure 2.11: Simple diagram of XPS spectrometer.

2.4.4 Ultraviolet—visible spectroscopy

Ultraviolet-Visible (UV-Vis) spectroscopy, a widely employed technique, enables the
study of a substance's absorption or transmission of light within the ultraviolet and visible
regions of the electromagnetic spectrum. In UV-Vis spectroscopy, a sample is exposed to
light in the UV and visible ranges, typically between 190 and 780 nm'?. As the incident
light (and therefore energy) is absorbed by the molecule the electrons within are promoted
from an occupied orbital to an unoccupied orbital of greater energy, causing electronic
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transitions between energy levels. Notably, these transitions result in the absorption of
specific wavelengths of light. Some of the most important transitions are observed in

Figure 2.12 and Table 2.1'*.

o } Unoccupied
T levels
n
Occupied
levels

Figure 2.12: Energy level transitions within UV-Vis indicating the occupied and unoccupied
orbitals.

Table 2.1: Energy level transitions within UV-Vis analysis with examples of where transitions are
commonly found",

Transition Commonly found within

o—0 Alkanes

o Carbonyl compounds

T Alkanes, carbonyl compounds and azo compounds

n—o Nitrogen, oxygen, sulphur and halogen containing compounds or
substituents.

n—m Carbonyl compounds

The absorption spectrum generated displays characteristic peaks and troughs, with each
peak corresponding to a specific electronic transition. The intensity of these peaks relates
to the concentration of the absorbing species. Additionally, the position of the peaks
provides information about the nature of the electronic transitions, contributing to the
identification of compounds. Within this work 2™ derivative spectroscopy was used to
enhance the resolution of the UV-Vis spectrum. By analysing the second derivative of the
absorption spectrum, subtle features and overlapping peaks can be more clearly

distinguished. This refinement enables a more detailed examination of the electronic
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transitions, providing a higher level of precision in identifying compounds and

understanding their electronic structures'®.

2.4.5 Infra-Red Spectroscopy (IR)

Infrared (IR) spectroscopy is a technique that measures the vibrational motions of atoms

around their connecting bonds when excited by electromagnetic radiation from the IR
region of the electromagnetic spectrum. In IR spectroscopy, atoms are not subject to
electronic transitions as IR photons lack sufficient energy for such transitions. However,
they possess enough energy to induce vibrational motions within groups of atoms
concerning the bonds between them (Figure 2.13). As molecules absorb IR radiation at
specific frequencies and wavelengths, the resulting vibrations are characteristic of certain
energies'®. This characteristic fingerprint provides a means to identify the functional
groups and chemical species present in a material. Each group exhibits a unique
absorption frequency or band, determined by either the wavelength () or its reciprocal
value, wavenumber (cm™). The frequency of vibrations between two atoms relies on two
key factors: the mass of the atoms involved and the rigidity of the bonds between them.
Heavier atoms vibrate at slower frequencies than lighter atoms, and stronger bonds, which
tend to be more rigid, demand more energy to stretch and/or compress the bonds between
them. This leads to the creation of an IR spectrum, resulting in a distinctive and unique

fingerprint for each compound .
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Figure 2.13: A) Simplified Jablonski diagram of 1) promotion of an electron to a higher energy
level and 2) the subsequent release of that energy in the form of molecular vibrations with B) a
chart of the types of molecular vibrations'.
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2.4.6 Thermogravimetric analysis

Thermogravimetric Analysis (TGA) is a thermal analysis technique used to study the
mass changes of a material as a function of temperature or time in a controlled
environment. This method provides insights into the composition, thermal stability, and
decomposition characteristics of a wide range of materials. In a typical TGA experiment,
a small amount of the sample is placed in a crucible, and the crucible is subjected to a
controlled temperature program. The sample's mass is continuously monitored by a
sensitive balance as it undergoes temperature-induced transformations. The temperature
is gradually increased, and any changes in the sample's mass is recorded (Figure 2.14).
The TGA curve obtained displays mass loss or gain as a function of temperature!’. Various
thermal events, such as decomposition, oxidation, desorption of volatile components, or
phase transitions, can be identified based on the observed weight changes. The onset
temperature, peak temperature, and extent of weight change provide crucial information

about the material's thermal stability and decomposition kinetics.
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Figure 2.14: Generic example of a TGA thermograph showing a % mass loss with increasing
temperature.
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2.4.7 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) is a technique for observing the thermal
properties of materials as they experience temperature variations. In DSC, a small
quantity of the sample is deposited in a sample pan alongside a reference pan (inert
aluminium/platinum materials) or reference loop. The temperature is then programmed
to gradually rise or fall, with the instrument continuously gauging the heat flow disparity
between the sample and reference. As the sample undergoes phase transitions or other
thermal events, it either absorbs or releases heat. The instrument detects this differential
heat flow, constructing a DSC curve that charts heat flow against temperature or time.
Peaks or troughs in the curve align with specific thermal events like melting,
crystallisation, glass transitions, or chemical reactions. The resultant DSC curve yields
valuable insights into the material's thermal behaviour. The position, shape, and area
under the peaks provide nuanced information about the energetics of the processes
transpiring in the sample. DSC is proficient in delivering quantitative data, encompassing
enthalpy changes linked to phase transitions and the heat capacity of the sample!’. The
technique aids in comprehending the intricate thermal dynamics of various materials,

exploring temperature-induced effects on material behaviour.
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Chapter 3: Electroanalysis of Organic Firearm Residue Species

3.1 Chapter Aims

The objective of this chapter is to enhance our understanding of the electrochemical
behaviour of analytes, DPA and EC, and to observe the effect of MNP-modified electrodes
on sensing these molecules. This exploration aids in the development of a suitable method

for electrochemically sensing in a real FAR matrix.

3.2 Introduction

As discussed in Chapter 1, the organic fraction of firearms residue (OFAR) comprises a
complex mixture of species originally present in the propellant formulation and
degradation products, produced after the firing event. The firearms residue (FAR)
contains burnt and unburnt particles from the primer/propellant. The inorganic fraction
typically includes Ba, Sb, and Pb particles, while the organic fraction consists of burnt or
unburnt particles containing propellants like nitro-glycerine, nitrocellulose, as well as
stabilisers such as methyl or ethyl centralite (1,3-diethyl-1,3-diphenylurea (EC)) and
diphenylamine (DPA)!. Decomposition products include N-nitroso diphenylamine, 2-
nitrodiphenylamine and 2,4-dinitro-N-ethylaniline? and gunpowder-specific mono-, di-,
and trinitro-DPA derivatives. These, along with centralite, as identified, serve as
compelling evidence for FAR?. The two main analytes of interest in this work, which exist

within the complex matrix of OFAR are DPA and EC.

DPA analysis has garnered attention in both forensic* and environmental>® contexts in
recent years. Primarily employed as a stabilising agent in propellant systems for
ammunition, DPA binds to propellant degradation products, thereby extending the shelf
life of the ammunition. Additionally, DPA finds common use in preserving harvested
apples, preventing a storage disorder known as "scald"”®. DPA has become more
prevalent in recent years as a contaminate of emerging concern with regards to
environmental pollution. The European Union first implemented a limit on the use of DPA
in 2008 and limits the presence of DPA on nearly all food items to 0.05 mg/kg,
implemented from 1st of May 2019°. EC appears to have its industrial uses confined to
the ammunition industry being used primarily as a propellent stabiliser, which increases
the shelf life of the ammunition'®. This specificity makes EC a crucial compound in

OGSR analysis.
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Currently, OFAR analysis relies on solid-phase micro-extraction!!, often coupled with

liquid'? or gas chromatography'>!'%. Mass spectroscopy, a pivotal technique>!'>!7

along
with capillary electrophoresis'® and Raman spectroscopy'’, is integral to the process.
However, these methods necessitate expensive, laboratory-confined instrumentation and
skilled operators. Although electroanalysis related to the metallic fraction of FAR has
been extensively reviewed and reported?®?!, there is a notable scarcity of reports on the
electrochemistry of these stabilisers and their redox behaviour as mixtures. Bratin and
Kissinger implemented an electrochemical detection method coupled with liquid
chromatography (LC), where the individual organic components of a OFAR sample were
separated through LC and then tested individually at Hg|Au and glassy carbon electrodes
(GCE)*. Other examples including FAR, used screen printed electrodes (SPE)?, as a
precursor to confirmation by SEM/EDX while Dalzell et al. reported a comparative study
of electrochemical instruments in authentic shooter samples?*. Renewed interest as
forensically significant target molecules is the incentive behind this work and it is thus an
important starting point for the development of an analytical method for the complex
array of compounds found in organic component of the residue. Evaluating the redox
electrochemistry of DPA and EC at glassy carbon electrodes and examining magnetic
nanoparticles (MNP) as electrode modifiers, to aid OFAR detection, is a key goal of

research presented in this chapter.

MNP have a wide variety of uses, allowing ease of separation in solution®® while acting
as effective electrode modifiers®® with applications in medical imaging?’ drug delivery?®

2930 and bioanalytical devices®!. The latter are the subject of a recent review by

biosensing
Hasanzadeh et al.*>. MNP can have particle size ranging 10-50 nm*® and present different
physio/chemical properties compared to their bulk size, due to the size differences. The

t** and Manganese®’,

material has been successfully modified or doped with Cobal
however sensor approaches based on the unmodified form have received little attention.
Among these materials, magnetite (Fe3O4), a Fe*" and Fe** complex oxide, is one of the
most commonly studied super-paramagnetic nanoparticles, being widely used in
magnetic resonance imaging contrast enhancement, tissue specific release of therapeutic

agents>®, in addition to in vitro binding of proteins and enzymes>’.
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3.3 Experimental

3.3.1 Materials and Reagents
Ethanol (anhydrous >99.5%), Methanol (ACS Reagent, 99.8%), diphenylamine (ACS

Reagent >99%), 1,3 diethyl-1,3 diphenyl urea (ACS Reagent > 99%)), acetic acid (ACS
Reagent >95.0%), lithium perchlorate (ACS Reagent >95.0%) were all purchased from

Sigma-Aldrich and required no further purification. Electrode polishing solution was a 1
um monocrystalline diamond suspension (Akasel). The sacrificial iron anode and cathode
rods (3 x 12 cm?) were purchased from Goodfellow (purity 99.5%). Rare earth
neodymium magnets (grade N35) were purchased from Farnell. A glassy carbon electrode
(GCE) (3 mm disk 0.0706 cm?) (1J Cambria Scientific) served as the working electrode,
while platinum wire and a standard Ag/AgCl electrode (internal solution 3 M KCI) were
employed as the counter and reference electrodes, respectively. The Ag/AgCl reference
electrode was stored in 3 M KCI when not in use. A non-aqueous reference electrode was
prepared using silver nitrate (10 mM) and lithium perchlorate (0.1 M) in

methanol/acetonitrile.

3.3.2 Instrumentation and Software

The surface morphology of the magnetic nanoparticles was measured using SEM (Hitachi
SU-70 FE-SEM with Oxford instruments X-max 50 mm? solid-state detector performed
by Susan Warren at the CREST centre within the Technological University of Dublin.
XRD was performed by Wynette Redington at University of Limerick using a
PANalytical Empyrean-reflection instrument. ATR was performed on a Thermo Scientific
1S50 ATR. Thermal analysis was performed using a PerkinElmer STA 6000 DSC/TGA
analyser. All electrochemical experiments were carried out using the Solartron
Potentiostat Model 1285 operated by Scribner Associates CorrWare software package
with data analysis using CorrView Version 2.3a. An IR lamp was used to dry the magnetic
nanoparticle suspensions on GCEs and a ThermoFisher thermostatic oven was used for
drying the magnetic nanoparticles following preparation. UV—Vis studies were performed
using a PerkinElmer Lambda 35 UV/VIS Spectrophotometer, and a
spectroelectrochemical (SEC) cell (Path length 0.1 cm) with platinum gauze working

electrode (geometric area 0.96 cm?).
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3.3.3 Procedures

3.3.3.1 Electrochemical procedures

All aqueous electrochemical methods were carried out using a standard AglAgCl
reference electrode with an internal filling solution of 3 M KCl. Therefore, all quoted
potentials are + 0.197 V vs. the standard hydrogen electrode unless otherwise stated. After
brief solubility studies varying the ratios, the aqueous electrolyte employed was 0.1 M
LiCIO4 in methanol and sodium acetate buffer solution pH 4.5 (30:70) (37 mL sodium
acetate (0.1 M) and 63 mL acetic acid (0.1 M) realised a solution of pH ~ 4.5) while the
non-aqueous electrolyte was 0.1 M LiClO4 in methanol and acetonitrile (50:50). Linear
sweep (LSV) & Cyclic voltammetry (CV) was performed over the relevant potential
range with bare and modified GCEs used as working electrode. Differential pulse
voltammetry (DPV) was performed at bare and modified GCEs in supporting electrolyte
with initial potential —1 V final potential 1.5 V, incremental potential 0.004 V, amplitude
0.05 V, pulse width 0.05 s, sample width 0.0167 s, pulse period 0.5 s. The working
electrodes were prepared by polishing with monocrystalline diamond suspension (1.0
um), followed by an ethanol and subsequent deionised water rinse, followed by drying

with compressed air.

3.3.3.2 Synthesis of Magnetite Particles

The facile electrochemical preparation of magnetic iron oxide nanoparticles was achieved
via electrooxidation of an iron anode in the presence of an amine surfactant pH 5.7
(adapted from method by Cabrera et al.*® and Rahimdad et al.*®). The sacrificial iron
anode and cathode rods (99.5% purity) were first polished mechanically using sandpaper
to remove impurities, then transferred into a water/ethanol mixture (50:50 v/v) followed
by ultrasonication for 20 min to ensure no further impurities were present. A potential of
5 V was applied for 1800 s in 0.04 M tetramethylammonium chloride as
electrolyte/capping agent with temperature control using a water bath held at 60 °C. The
interelectrode spacing was 8 mm (edge to edge) using a 9.4 mm diameter iron anode and
cathode with immersion depth 3 cm (see Figure 3.1). During the electro-synthetic
process, the solution changed from yellow to brown with eventually a black precipitate

forming according to the processes below:
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Reaction at anode: Fe(s) = Fe?* qq) + 2e™ = Fe3* 40y + le” 3.1

Reaction at cathode: 2H,0(y + 2e™ — Hyg) + 20H™ 3.2

Total reaction in two steps:

Step 1: Fe3* (qq) + 30H™ (qq) = Fe(OH)3(5) 1 33
Step 2: 3F€(0H)3(5) + H+(aq) +e - F€3O4(S) l +5H20(l) 3.4
Lo
Fe Anode 8 mm Fe Cathode

TN

LY 2 Ll S

Figure 3.1: Representation of iron anode and cathode rods immersed in tetramethylammonium
chloride with electrochemical formation of Fe;O4 upon application of 5 V for 30 min at 60 °C.

The MNPs were allowed to settle in the solution (aided by neodymium magnets of grade
N35), decanted and washed with water three times, followed by three ethanol rinses. This
process was repeated until the supernatant was clear with a final ethanol wash. The
particles were collected and allowed to dry in an oven at 80 °C for 3 h followed by

suspension in ethanol at 1 mg.mL™".

3.3.3.3 Electrode Modification

A polished GCE was rinsed with ethanol and allowed to dry under an IR heat lamp. The
magnetite suspension (1 mg.mL™! in ethanol) was sonicated to ensure an even dispersion
of particles and drop casted onto the electrode surface in 5 < 20 puL increments with drying
in between with loading at 1.416 mg.cm™. Lower loadings (2 x 20 pL) resulted in poor

signal and surface stability.
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Dry with a heat
lamp

20pLofal
mg/mL Sol®
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ethanol

Scheme 3.1: Typical example for a single step of drop cast modification of macroelectrode using

a solution of 1 mg.mL'magnetite based MNP suspended in ethanol.

3.3.3.4 Spectroelectrochemistry UV-Vis Studies

A platinum gauze electrode was electrochemically cleaned in 0.5 M H>SO4 by cycling for
20 cycles at 200 mV.s! followed by mechanical polishing using 1 um monocrystalline
diamond suspension. Film formation for study utilised the spectroelectrochemical cell
(Figure 3.2) over the potential range —1 to 1 V at 100 mV.s™! for 100 cycles in the aqueous
electrolyte in the presence of 1 mM DPA. Both the modified electrode and the solution
remaining following deposition were analysed by UV—Vis spectroscopy over the range

200-700 nm.

Figure 3.2: Equipment for spectroelectrochemistry. From left to right, platinum mesh electrode,
magnified image of mesh, spectroelectrochemical quartz cuvette used and an in-situ image of
equipment.
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3.3.3.5 Surface Analysis

Scanning electron microscopy (SEM) was performed by Susan Warren in Technological
University Dublin and employed for particle size and morphology was analysis using a
Hitachi SU-70 FE-SEM from a 1 mg/mL MNP sample in ethanol. Average particle size

was determined based on measurement of 100 particles.

3.4 Results and Discussion

3.4.1 Optimisation of Electrochemical Synthesis for Magnetic Nanoparticle
Formation

Iron based magnetic nanoparticles (MNP) have been utilised in a variety of systems to
enhance electrochemical sensing capabilities***’. One such method of MNP preparation

1.3%. This work builds on this method and considers further

was developed by Cabrera et a
optimisation of the conditions for MNP production including, the impact of temperature
(45 °C, 60 °C, and 75 °C) at 5 V (for 30 minutes), and a subsequent study of applied
potentials (1 V, 2.5 V, and 5 V) at 60 °C (for 30 minutes) investigated during the

electrochemical preparation process.

3.4.1.1 Effect of Temperature during electrochemical synthesis of MNP

The temperature of the water bath was adjusted during the electrosynthesis process (45,
60 and 75 °C). Eapp of 5 V was consistent throughout the study however, the temperature
of the bath was set to 15 °C above and below the temperature stated in the literature®®. In
Figure 3.3 the effect of temperature of the solution on current density alone is clear (area
= 8.47 cm?), with an observed increase in temperature resulting in an increase in current
density. Table 3.1 shows the initial, maximum and final current densities achieved during

the experiment.
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Figure 3.3: Current-time response at Eq.p, = +5 V for 1800 s, at three different temperatures of 45
°C (black), 65 °C (red) and 75 °C (blue), showing the process of MNP production at an iron
cathode in 0.04 M tetramethylammonium chloride (typical trace).

Table 3.1: Current density values throughout temperature study during MNP formation (n=2).

Temperature Starting Current Maximum Current Final Current
°C) Density (mA.cm2)  Density (mA.cm2) Density (mA.cm?)
45 154 20.3 @ 417 seconds 20.3
60 19.4 25.2 @ 1705 seconds 24.9
75 21.1 29.7 @ 1646 seconds 28.8

Figure 3.4 displays the IR spectra for the material produced at different temperatures.
The purple region highlighted, indicates a response for the Fe-O bond observed within
the material (517 cm™ at 45 °C, 554 cm™ at 60 °C and 535 cm™ at 75 °C) with literature
values of 572 and 377 cm™! being attributed to Fe-O vibrations**. Responses observed
from material generated at 45 and 75 °C showed an area of high response across the range
of 1600 to 750 cm’!, indicating remaining material from the tetramethyl ammonium
chloride with C-H from methyl groups evident around 1450 cm™!, along with O-H bending
across the range of 1420 to 1330 cm™'. The material generated at 45 °C also had a much
more apparent O-H response at 3190 cm™! indicating hydroxide formation or presence

within the material.
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Figure 3.4: IR spectra for the MNP material produced at Eup = +5 V for 1800 s held at
temperatures of 45, 60 and 75 °C during electrochemical synthesis, highlighting the region
(purple) which the Fe-O bond is found (approximately 570 cm™).

The spectra observed from the material generated at 60 °C appeared to have far less peaks
within it, indicating less contamination than the other temperatures examined. This was
matched in the necessity for additional cleaning cycles of water and subsequent ethanol
washes of the materials generated at 45 and 75 °C to obtain black material free from
orange/red impurities. This indicated that Fe was present at higher than desired oxidation
states and that a different form of iron oxide, maghemite [Fe>O3], was formed during the
process as opposed to the desired magnetite [Fe3O4]. To further understand optimisation

of the methodology the applied potential was then varied.
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3.4.1.2 Effect of Applied Potential During Electrochemical Synthesis of MNP

Figure 3.5 illustrates the current vs. time response observed during MNP electrochemical
formation under three applied potential conditions, displaying a gradual stabilisation of
the current over the 30-minute electrosynthesis period. As expected, the increase in the
applied potential resulted in an increase in the current density at the iron electrode. An
Eapp of 1 V and 2.5 V resulted in a much smoother j (mA.cm™) vs. time plot (Figure 3.5)
compared to that of 5 V. Data within Table 3.2 also indicates the stability of the current
density across the time period employed. The highest current densities at Eap, = 1 V and
2.5 V observed as the final measurements, while Eapp = 5 V resulted in the highest value
95 seconds before the experiment was completed. Product yields also varied with applied

potentials with 98 mg, 254 mg, and 141 mg obtained for 1, 2.5 and 5 V respectively.
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Figure 3.5: Current-time response at held potentials of Eq,p = +1 V (black) , +2.5 V (red) and +5
V (blue) for 1800 s, at 60 °C, observing the process of MNP production at an iron cathode in 0.04
M tetramethylammonium chloride (typical trace).
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Table 3.2 Current density values at Fe anode throughout the applied potential study of MNP
formation (n=2).

Applied Starting Current Maximum Current Final Current
Potential (V)  Density (mA.cm™) Density (mA.cm?) Density (mA.cm?)
1 1.98 2.10 @ 1800 seconds 2.10
2.5 6.31 9.60 @ 1800 seconds 9.60
5 19.4 25.21 @ 1705 seconds 24.9

FTIR spectroscopy was used once more to obtain information about the nature of surface
hydroxyl groups and adsorbed water (Figure 3.6). Hydroxylation of iron oxides is
followed by further adsorption of water molecules which interact via H bonding to the
surface OH groups. Tertiary amine C-N stretch 1125 cm™! (1250-1020 cm )*,
intermolecular bonded O—H stretching 3409 cm™! (3550-3200 cm™')* and OH bending
vibration 1636.8 cm™! (1652.88 cm™!)* were evident. The characteristic vibrational bands
of pure Fe3O4 mainly appeared at 561 and 421 cm ™! (literature values of 572 and 377 cm !
being attributed to Fe—O vibrations, and those at 422 and 611 cm ™! ascribed to Fe-O

bending vibrations of Fe;O4 #.
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Figure 3.6: IR spectra for the MNP material produced at Eq,p = +1, +2.5 and +5 V while being
heated at 60 °C, highlighting peaks of interest with dropped dotted lines.

Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) together
provided information regarding morphology and elemental composition of the MNP with
micrometric sized aggregates of the nanoparticles evident. SEM images (Figure 3.7)
confirm the nanoparticle size and spherical nature of particles prepared using application
of 1, 2.5 and 5 V for 30 min at 60 °C with median distribution plot (Figure 3.7 (E)) and
average values 55.1 + 16.0,49.6 = 13.7 and 50.7 + 12.4 nm respectively (Table 3.3). The

nanomaterial prepared from 5 V resulted in relatively tighter size distribution.
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Figure 3.7: High resolution SEM images of MNP electrosynthesis via application of A) 1V, B)
2.5V and C &D) 5 V. With E) a particle size distribution based on 100 particles (1 V), 50 particles
(2.5 and 5 V) samples.
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Table 3.3: Average particle size of MNP prepared via electrosynthesis.

1V 25V oV
Average (nm) 55.1 49.6 50.7
Standard Deviation 16.0 13.7 12.4
Max (nm) 128.0 98.0 88.5
Min (nm) 25.9 26.6 29.8

Elemental identification was in agreement with the synthetic composition. EDS spectra
(Figure 3.8) for each material were normalised by oxygen stoichiometry resulting in 75.4
Fe: 23.3 O (1 VMNP), 75.5 Fe:23 O (2.5 V MNP) and 77.1 Fe: 22.5 O (5 V), which are
in good agreement with the theoretical atomic mass ratio for Fe3O4 (72.4 Fe:27.6 O) (with

standard deviations of + 1.70 for Fe and + 2.00 for O ).
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Figure 3.8: EDX spectrum confirming Fe and O atomic composition from A) 1V, B) 2.5 V and C)
5 V preparations.
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Given that the more uniform particle size distribution was the key difference between the
generated material with different applied potentials, Eapp = 5 V at 60 °C was employed
henceforth.

3.4.1.3 Thermal Analysis of Magnetic Nanoparticles

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) (Figure
3.9) (30640 °C) were employed to assess the thermal stability of the MNP, a
characteristic influenced by grain size and the synthetic process*®. The initial mass
variation loss (Red curve, Figure 3.9.) may be due to an overlap of the exothermic
process of H O and surface —OH group elimination with an exothermic DSC change
(Blue curve, Figure 3.9) at 100 °C followed by the oxidation of Fe(Il) to Fe(Ill) as
magnetite [Fe*'Fe>>"]04 changes to maghemite yFe>**Os. The second DSC exothermic
(oxidation) signal was a weak process at 290.39 °C and finally an endothermic event at
606.74 °C (AH=-4.157J g ") occurred close to the upper temperature limit of the sample
crucible employed. Across the range 170-650 °C the overall mass loss was 2.05%, below

that of the theoretical 3.1% expected for conversion of magnetite to maghemite.
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Figure 3.9: Plots of thermogravimetric (red-dash) and differential scanning calorimetry (blue-
solid) data of a 12.35 mg Fe3O, sample (generated at Eapp = +5 V at 60 °C) in air at a flow rate
of 10 ml.s™* with a temperature programme with an initial hold of 30 °C for 1 minute and an
increasing ramp of 30 °C to 600 °C at 5 °C.min™ (typical trace shown).
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3.4.1.4 X-Ray Diffraction Analysis of Magnetic Nanoparticles

X-Ray diffraction analysis (XRD) (Figure 3.10) was performed with broadening peaks
visible, indicating small crystallites with characteristic peaks matching well with
literature values*’*® for 220, 311, 400, 511 and 440 (Table 3.4.) crystal planes of Fe;0a4
spinal face centred cubic crystal structure*’, with both Fe?" and Fe** occupying octahedral

sites and Fe" tetrahedral sites.
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Figure 3.10: X-ray diffraction pattern of MNP generated from an electrosynthetic method of E.pp
=45 Vat 60°C for 1800 s in 0.04 M tetramethylammonium chloride.

Table 3.4: XRD data for Magnetite MNP,

Pos. Crystal d-spacing FWHM  Left Rel. Int. Matched
[°20] planes [A] [°20] [%o] by*
30.2655 220 2.95 0.4015 19.18 01-084-
35.6951 311 2.51 0.2676 65.78 01-084-
43.2728 400 2.09 0.4015 14.71 01-084-
57.1870 511 1.61 0.4015 22.87 01-084-
62.8044 440 1.47 0.3346 43.95 01-084-

* Matched against the International Centre for Diffraction Data database PDF-4 database

Phase identification of magnetite and maghemite (y-Fe»O3) is challenging, as both have
the same cubic structure with close lattice parameters®’. However, XRD analysis further

confirms the generation of Fe;O4 based MNP in line with literature values.
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3.4.1.5 Electrochemical investigation of MNP modified GCE.

Figure 3.11 shows voltammograms of the bare and modified GCEs (as described in
section 2.2.3)) examined in 0.1 M KClI, over the potential range —1 to +1 V vs. Ag|AgCl
at 50 mV.s~!. Figure 3.11 (A) shows CVs for electrodes modified with MNP synthesised
at different applied potentials, while Figure 3.11 (B) examines the redox properties of the
materials prepared under different temperatures. Hydrogen adsorption/desorption was
evident in all cases between —0.5 and —1.0 V which corresponds to literature®'. An
irreversible anodic wave was observed at 1.0 V vs Ag|AgCl. During a cathodic scan, it
has been shown that Fe;Os can undergo dissolution with release of Fe?* which can be
electrochemically re-oxidised (1.0 V vs Ag|AgCl in this electrolyte) with this process
more evident at lower pH, and dependent on both the presence of oxygen in solution and
the cathodic potential limit. Further studies focused on use of methanol/sodium acetate
buffer (3:7) as electrolyte to provide compatibility with the optimum DPA dissolution

solvent and more clearly defined Fe*" reoxidation signals.
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Figure 3.11: Cyclic voltammogram (showing cycle 3) of MNP modified GCE and bare electrode
over the potential range —1 to +1 V vs. Ag|AgCl at 50 mV.s™’ in 0.1 M KCI including A)
modification material generated at different potentials, showing bare GCE (green), 5 V MNP
modified GCE (blue), 2.5 V MNP modified GCE (red), and 1 V MNP modified GCE (black). And
B) with modification material generated at different temperatures showing bare GCE (green),
MNP modified GCE with material generated at 60 °C (blue), 75 °C (red) and 45 °C (black)
(typical traces throughout).
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Cyclic voltammetry of bare and modified electrodes was performed in aerated, and
nitrogen bubbled degassed aqueous electrolyte (in methanol/sodium acetate buffer (3:7))
(Figure 3.12) (n=1). The black trace representing the MNP modified GCE in aerated
electrolyte (Figure 3.12 (A)) resulted in a strong irreversible redox process at Ey = 0.5
V (I) with small reduction wave at E; = 0.0 V (II) vs. Ag|AgCl. This was thought to
represent re-oxidation of Fe?" released from [Fe?"Fex**]04 following the cathodic sweep
and the signal was supressed in degassed electrolyte (Figure 3.12 (B)). It has been shown

previously that this anodic peak increased upon addition of Fe?* to the cell and was found

to be pH dependent*®.
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Figure 3.12: Cyclic voltammograms (showing cycle 3) over the potential range —1 to +1 V vs.
Ag|AgCl at 50 mV.s™" in 3:7 methanol:sodium acetate buffer (pH ~4.5) of bare (black) and MNP
modified (red) GCE in A) aerated and B) degassed solutions (typical traces).

Figure 3.13 shows the influence of the cathodic limit on this anodic process with no
couple evident when swept from 0.0 V (Blue Trace) and a weak process following —0.5
V (red trace), indicating that the —1.0 V (black trace) cathodic limit was required to

register this anodic process (I).
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Figure 3.13: Cyclic voltammograms (showing cycle 3)of MNP modified GCE showing the
influence of cathodic potential limit on MNP redox behaviour (typical traces). Potential ranges 0
to 1V (blue), —0.5 to +1 V (red) and —1 to +1 V (black) vs. Ag|AgCl at a scan rate of 50 mV.s™
in 3:7 methanol:sodium acetate buffer (pH ~4.5) (typical traces).

Figure 3.14 shows a scan rate study (20-200 mV.s™!) of the MNP modified GCE resulting
in a linear relationship (r? = 0.993) between current taken at 0.6 V and scan rate with slope
of 1.01 x 10~ A.cm 2.V s resulting in a surface coverage value of 1.08 x 10~ mol.cm™
using the relationship below (Equation 3.5) for a one electron surface confined species.
A plot of current vs. square root scan rate showed linearity (up to 0.3 V.s?) indicating a
mixed diffusional system, correlating with the concept that Fe?* release diffuses to the
electrode for re-oxidation at 0.5 V vs. Ag|AgCl. Log current vs. log scan rate plots resulted
in a slope of 0.82 over the range 0.05-0.5 V.s! which was more typical of an adsorbed
species (slope 1.0). The magnetite layer exhibited capacitance of 2 x 10~* F.cm™2 which
was 3.3 times that of the electric double layer capacitance, being in line with recent

literatures,

I, = Avl 3.5

92



Chapter 3: Electroanalysis of Organic Firearm Residue Species

0.18
0.16
0.14 it
012 + o
01 .

0.08 '
006 e

0.04 F ) y:101X+003
0.02 | R2=0.98

06 Lo N
-1 0 1 0 0.1 0.2

E /V vs. Ag|AgCl

A) 04 ¢ I B) 02

j !/ pA.cm?2

v/Vst

Figure 3.14: A) Cyclic voltammograms (showing cycle 3) over the potential range of -1 to +1 V
vs. Ag|AgCl for a scan rate study for MNP modified GCE using scan rates from 20 to
200 mV.s™"in 3:7 methanol:sodium acetate buffer (pH ~4.5)(typical traces). B) Corresponding
plot of current density vs. scan rate using data from (4) (n=2).

A stability study was performed by cycling the modified electrode over the range —1 to
+1 V vs. Ag/AgCl for 40 cycles in 3:7 methanol:sodium acetate buffer at 100 mVs™'. A
continuous decrease in current was evident (data not shown) which possibly reflects a
transformation process upon cycling resulting in lower Fe?" release following the first
reduction step. The experiment was repeated following addition of 20 uL of 1% Nafion
to the MNP layer in an attempt to improve stability; however similar reduction in the main
redox process was evident with a 96% loss of the initial current after 20 cycles at
100 mV.s~!. The lower potential limit was required in order to visualise impact on the
anodic process (Fe?*/Fe**) to the detriment of the signal. The electrocatalytic effect of the

surface confined material was thought to be intact despite these surface alterations
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3.4.2 Electrochemical Analysis of Diphenylamine

3.4.2.1 Voltammetric Investigations

Non-aqueous electrochemistry of diphenylamine was examined in methanol:acetonitrile
(1:1) in 0.1 M LiClO4 over the concentration range 0.05-1 mM at 50 mV.s ! (Figure 3.15
(A)). The anodic peak at Ejy 0.6 V (I) corresponded to the one electron oxidation of the
aromatic amine resulting in diphenylamine radical cation formation (stabilised in
resonance forms) with recombination resulting in formation of a diphenylbenzidine dimer
(DPB). Dimerisation occurs via C—C addition in the para position (Scheme 3.3) and the
DPB species itself was electroactive displaying a weak oxidation (Ep= 0.45 V) and
reduction process (Ej = 0.3 V) being most evident at higher concentrations>®**. A plot of
J vs. concentration DPA (Figure 3.15 (B)) was linear (0.05—-1 mM) based on the main
anodic process at 0.65 V with sensitivity 0.374 mA.cm 2.M ! (> = 0.996).
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Figure 3.15: A) Cyclic voltammogram (showing cycle 1) at an unmodified GCE over the potential
range of -0.1 to +1 V vs. AglAgCl at a scan rate of 50 mV.s™' Concentration range of DPA was
0.05 to I mM in a 1:1 solution of acetonitrile:methanol with 0.1 M LiClO4. B) corresponding plot
of j (from peak 1) vs. concentration of DPA (n=1).

94



Chapter 3: Electroanalysis of Organic Firearm Residue Species

The ratio of anodic and cathodic currents for this process plotted vs. scan rate indicates
an electron transfer, chemical reaction and further electron transfer (ECE) process —
irreversible electron transfer followed by a homogeneous chemical reaction where the
ratio decreased as the oxidised species was consumed by the subsequent chemical

reaction (formation of diphenylbenzidine).
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Scheme 3.2: Mechanism of diphenylbenzidine formation from diphenylamine showing (A) One
electron oxidation of DPA to a radical cation (electrochemical step) followed by dimerisation (B
(1)) (chemical step), and leads to the electroactive diphenylbenzidine species (electrochemical
step ) in non-aqueous electrolyte (B (11)).
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Scan rate studies verified a diffusion controlled chemically irreversible process which
may be described by Equations (3.6 & 3.7)>. The expressions below allowed estimation
of diffusion coefficient (D) and transfer coefficient (o) (assuming n = 1) as 5.47 x 1078

cm?.s”! with ana = 0.49.

i, =299%10°xXnx . Jan, X AX C XD x+v 3.6
1.857XRXT
Ep - Ep(%) = W 37

where a is the transfer coefficient, n, is the number of electrons in the rate determining
step, D is the diffusion co-efficient (cm?.s™!) and v is scan rate (V.s™!). Equation 3.8 allows

determination of k° (standard heterogeneous rate constant) for an irreversible process™.

1

k° = 2.415 exp (—002 :_T) \/D_OJTTP/)\/E
2

3.8

where £° is the standard heterogeneous rate constant, R is the gas constant, 7T is
temperature (K) and F is Faraday's constant. Taking Ej at 50 mV.s ' as 0.61 V and at
0.561 V this results in a k° value of 1.23 x 107 cm.s™".

Following dissolution testing of DPA, the most suitable aqueous solvent system was
found to be 3:7 methanol: sodium acetate buffer (pH 4.5) representing a more suitable
electrolyte for practical DPA sensing applications. A scan rate study in 1 mM DPA (Figure
3.16 (A)) showed oxidation at 0.7 V vs. Ag|AgCl with more dominant electrochemistry

evident for the surface confined follow-on product of the initial oxidation step at Ej =
0.47 and Ej = 0.40 V vs. Ag|AgCl. The diffusion coefficient was calculated as 1.4 x 1076

cm s~ with ane= 0.7 and £° = 4.08 x 10™* cm.s™' which was 3 times lower than the rate

constant in the organic electrolyte (literature D value 2.5 x 107> cm?®.s 1)*®. A plot of log j

for the surface confined anodic and cathodic processes ( E; = 0.47 V (peak I) and Ej; =
0.40 V (peak II)) vs. log scan rate (Figure 3.16 (B)) resulted in slopes of 0.78 and 0.7
respectively, while a plot of j vs. scan rate was found to be linear with r? values of 0.991

and 0.981 respectively (Figure 3.16 (C)).
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Figure 3.16: Cyclic voltammogram (showing cycle 3) over the potential range of 0.2 to 1 V vs.
Ag|AgCl for scan rate study using a fresh GCE surface with each new scan rate over 5 to 50 mV.s™
! for 1 mM DPA in a 3:7 methanol:sodium acetate buffer (pH ~4.5). Corresponding plots (for
peaks I and Il) of B) log j, vs. log v confirming surface confined behaviour of the signal for the
dimeric species formed following the first anodic sweep. C) Plot of j, vs. v confirming surface
confined behaviour of the signal for the dimeric species formed following the first anodic sweep.

The DPA concentration (Figure 3.17) dependence of the anodic process resulted in a

linear relationship (r> = 0.998) over the range 0.1-0.5 mM.

97



Chapter 3: Electroanalysis of Organic Firearm Residue Species

B) 01 r
o
A /
0.5mM (.08 F ,/
/
o /
50.06 - o
0.1 mM‘é y
=004 ¢ bt
— /
y J
®
0.02
y = 0.1661x + 0.008
Rz =0.9983
0 1 1 1 1 )
. 0 0.5
E /V vs. Ag|AgCl Concentration / mM

Figure 3.17: A) Cyclic voltammogram (showing cycle 3) over the potential range of 0.2 to I V' vs.
Ag|AgCl for a DPA concentration study using a fresh GCE surface with each concentration over
the range 0.1 to 0.5 mM DPA in a 3:7 methanol:sodium acetate buffer (pH ~4.5). B)

Corresponding plot of j, vs. concentration for response at Eyy = 0.7 V (peak I).

In Figure 3.18 (A) the voltammogram of the deposited layer is shown with a response at
E5 = 0.4V, together with dark field reflectance microscopy image Figure 3.18 (B)

indicating a textured surface of the GCE.
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Figure 3.18: A) Cyclic voltammogram over the potential range of -1 to +1 V vs. AglAgCl at 100
mV.s™ in a solution of 3:7 methanol:sodium acetate buffer (pH ~4.5) showing cycles 1-10 for the
film formed after repeated cycling in 1 mM DPA in 3:7 methanol:sodium acetate buffer (pH ~4.5)
(n=1). B) Reflectance microscopy image of formed film, pre-electrochemical measurements (of
A), on a GCE (x1000 using dark field polarisation).
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3.4.2.2 UV-Vis Spectroscopy of Films Formed from Diphenylamine Cycling

The visible appearance of films formed on the GCE surface in the methanol/sodium
acetate buffer (3:7) indicate that polymeric by-products of the DPA oxidation may form

137, resulting in electrochemical processes in line with previous

and contribute to this signa
diphenylamine electropolymerisation studies*®°. Formation of phenolic or benzoquinone
products, the latter of which are common degradation species found in polyaniline films®,
may also occur in the acidic aqueous conditions examined and such derivatives may be

responsible for the process evident at Ej = 0.47 V.

In order to examine this further, UV—Vis studies involved potential cycling in a I mM
solution of the DPA monomer at a Pt gauze spectroelectrochemical working electrode.
Absorption spectra (average n = 4) are shown (Figure 3.19) and include (I) spectra taken
of the solution following polymerisation and (II) spectra recorded at the Pt gauze
electrode in a spectroelectrochemical cell. Figure 3.19 (A) shows the absorbance
spectrum before and after cycling in 1 mM DPA with reduction in the DPA signals
(indicative Amax for DPA are 204 and 284 nm)®!, and appearance of a shoulder at 332 nm
and a weak absorbance at 455 nm (region II is shown in inset for clarity). Figure 3.19 (B)
presents the data in absorbance ratio format with relative changes post cycling being
evident at regions I and II of the spectra (Abs ratio >1) corresponding to 339 and 452 nm
respectively. Figure 3.19 (C) shows the spectrum over the range subject to most change
at the Pt gauze electrode pre and post cycling with Amax at 456 nm. In the case of the latter,
background correction was ensured by using 1 mM DPA in the reference cuvette.
Deposition from 1 mM DPA onto Pt results in an unstable film which, apparently evident
on the electrode at 456 nm (black curve Figure 3.19 (B) and (C)). This results in a
stronger signal for the solution spectrum (in the absence of electrode (red curve Figure
3.19 (C)), with increase in the overall absorbance of the formed products (>312 nm). The
UV studies point towards solution phase poly(diphenylamine) formation with Amax that
aligns well with literature values between 424 to 514 nm subject to pH effects®>
resulting from coupling of diphenylbenzidine species and appearing less adherent on
platinum relative to carbon. Additionally, an understanding of the diphenylbenzidine
formation is advantageous with respect to optical detection methods via the reaction of
diphenylamine with nitrite and nitrate ions from nitrocellulose® with oxidation to the blue

diamine.
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Figure 3.19: Averaged UV-Vis spectra (n=4) of A) 1 mM DPA in a solution of 3:7
methanol:sodium acetate buffer (pH ~4.5) before (black) and after (ved) cycling 100 times over
the potential range —1 to +1 V at 100 mV.s™'. Inset: zoomed in region between 350 and 550 nm.
Indicative Apnax for DPA are 204 and 284 nm which decrease following film formation. B)
Absorbance ratio spectra for pre and post cycling solution with (red) and without (black) platinum
gauze. C) Overlaid spectra for Pt gauze in background electrolyte (grey) and following cycling
(black). Red curve represents solution only spectrum (background reference cuvette containing 1
mM DPA).

Having established insights into the DPA oxidation process from cycling, an evaluation
of the influence of the electrosynthesised MNP on the DPA electrochemistry and
guantitative signals follows, with the view to establishing optimum analytical

performance parameters for the transducer prior to real sample analysis.
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3.4.2.3 Voltammetric Response of Diphenylamine at MNP Modified Electrode

Figure 3.20 shows the third cycle response to 1 mM DPA in aqueous electrolyte at 50
mV.s~! over the potential ranges of 0 to +1 V, -0.5 to +1 and -1 to +1 V. The MNP modified
electrode resulted in an enhanced signal relative to the bare response (black curve vs. red
curve) with lowering of the anodic process which appeared from cycle 2 onwards evident
at 0.5 V (II) (34-63%). Under optimum conditions, over the range —1 to 1 V at 50 mV s
there was an 87-97% (n = 3) increase in the DPA oxidation at Ejf = 0.7 V (I) relative to

unmodified GCEs.
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Figure 3.20: Cyclic voltammogram (showing cycle 3) of a 1 mM DPA solution in 3:7
methanol:sodium acetate buffer (pH ~4.5) at 50 mV.s™ over the potential range of A) 0 to 1, B) -
0.5t0 +1 Vand C) —1 to +1 V vs. AglAgCI at bare (black) and MNP modified (red) (typical

traces).
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The apparent ability of the MNP layer to impede the diphenylbenzidine dependent
polymer redox process (possibly due to stabilisation of DPA") was evident and can aid in
sensor selectivity and reusability/surface regeneration as required. Linear sweep
voltammograms resulted in calibration plots over the range 0.01-1 mM DPA (Figure
3.21) with sensitivity of 0.510 = 0.02 mA cm 2.mM ! (n=3) which is 1.51-fold increase
relative to the bare electrode response (0.336 = 0.005 mA.cm 2.mM ! (n=3)) at 0.65 V vs.
Ag|AgCl, a statistically significant increase in sensitivity (p = 0.0001). This is in part due
to enhanced surface to volume ratio on the electrode surface and enhanced electron
transfer, but selectivity and surface reusability is also an important concern for a future

multiplexed device.

0 1 1 1 1 1 1 1 1 1 1

0.5 0.7 0.9
) E/V vs. Ag|AgCI
-1 -0.5 0 0.5 1

E /V vs. Ag|AgCI

Figure 3.21: Linear sweep voltammogram over the potential range of -1 to +1 V vs. AglAgClI at
50 mV.s™ for DPA concentration series (0.1 to 1 mM) in 3:7 in methanol:sodium acetate buffer

(pH ~4.5) at a MNP modified GCE (typical trace). Inset: zoomed in region of 0.5 to 1 V for DPA
oxidation.

A postulated mechanism for this signal enhancement is given below (Equation 3.9), with

DPA generating Fe** from Fe** species (dominant at pH 4.5)°!.

DPA(reqy + [Fe(OH)]?* + H* 5 DPAgy) + Fe?* + H,0 3.9
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In order to examine lower analytical ranges, differential pulse voltammetry (DPV) was
employed. Figure 3.22 shows differential pulse voltammograms over the range —1 to 1.5
V with focus on relevant potential range of DPA oxidation at bare (Figure 3.22 (A)) and
modified (Figure 3.22 (B)) GCEs (n=3).

A) 45 B) 45 _
40 40 A
35 :A 1000 uM # 35 ; ".: 1000 uM ﬂ‘
30 - 30 cal

0.4 0.6 0.8 0.4 0.6 0.8
E/V vs. Ag|AgCl E /V vs. Ag|AgCI

Figure 3.22: Averaged data (n=3) for differential pulse voltammetry over the potential range of -
1 to +1.5 V vs. Ag|AgCl with additional parameters as per electrochemical procedures section
(region of DPA peak 0.4 V to 0.9 V only shown). DPA concentration series (5 to 1000 uM) at A)
bare and B) MNP modified GCE (with current standard deviations of = 0.12 uA at bare and +
0.16 uA at modified electrodes across the entire series).

The corresponding calibration curves for the bare and MNP modified electrodes (Figure
3.23) show a second order polynomial response across the entire concentration range
(Figure 3.23 (A)). Two linear series were derived, a higher series over the concentrations
of 100 to 1000 uM (Figure 3.23 (B)) and lower series over the range 5 to 50 uM (Figure
3.23 (C)), with the highest sensitivity being achieved at the lower concentration series.
Sensitivities of 0.0629 + 0.009 and 0.0801 + 0.003 pA.uM™' for bare and modified
electrodes respectively were obtained showing a statistically significantly improved

measurement with the use of a modified electrodes (p = 0.0233).

103



B
)45

40
35
30
< 25
=20
15
10

Chapter 3: Electroanalysis of Organic Firearm Residue Species

/7
4

0 200 400 600

Concentration / uM

800 1000

- | MNP modified: |
| !y =0.0369x + 4.8593

" R2=09499 |

e o o o e o e o o o =

I Bare: !
1y =0.032x + 3.6107!
i R2=0.9825 !

-’
7 -

-,
L -~
8

200 00 1000

0 Cor?gé)ntratio?lop uM 8

' MNP modified: |
'y =0.0801x + 0.1163'
R2=009964

1y =0.0692x +0.0894,

30 40 50

Concentration / uM

Figure 3.23: Averaged data plots (n=3) of current vs. concentration of DPA in 3:7
methanol:sodium acetate buffer (pH ~4.5) (from Figure 3.21) at bare (blue) and modified (red)
GCE over the concentrations of A) 5 to 1000 uM B) 50 to 1000 uM and C) 5 to 50 uM.
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Calculations of the LOD and LOQ were performed using Equations 3.10 and 3.11:

LOD: = 3.10
m
10Xo

LOQ: — 3.11

Where o is the standard deviation of the bare and MNP modified electrodes in the
background solution of 3:7 methanol:sodium acetate buffer (n=9) (+0.052 and +0.093 pA

respectively), while m is the slope or sensitivity of the calibration.

Calculation with a MNP modified electrode resulted in an LOD = 3.51 uM + 0.15 uM,
LOQ=11.7 uyM £ 0.47 uM, relative to unmodified electrode with LOD =2.27 uM £ 0.03
uM, LOQ = 7.57 uM £ 0.10 uM, with a significant difference found between both the
LOD (p = 0.001) and the LOQ (p=0.001). It was proposed that the higher standard
deviation observed with the MNP modified electrode was due to the inherent variability
of the simplistic method of drop cast modification, subsequently influencing LOD and
LOQ estimations even with increased sensitivity. Alternative methods of immobilisation
such as the use of ferrofluids/inks have the potential to improve variation, standardising

the deposition process of the material.

Overall, the observed decrease in current signal associated with the follow-on oxidation
species provides reason to believe that this modified surface can assist where multiple
components are of interest e.g. in presence of 1,3-diethyl-1,3-diphenylurea (ethyl

centralite) as a co-target in forensic analysis, which is explored in the next section.

3.4.3 Electrochemical Analysis of Ethyl-Centralite

In order to gain insights into the redox behaviour of ethyl-centralite (EC) and to contribute

to the depth of literature on the electrochemistry of this species, its behaviour was
examined in acetonitrile (0.1 M LiClO4) using cyclic voltammetry. The first cycle showed
an irreversible wave at 1.0 V vs Ag|Ag" with a reduction process at 0.7 V (peak III).
Subsequent cycles 2 and 3 (Figure 3.24) revealed a new weak anodic process at 0.75 V
(Peak II). Plots of j; vs. scan rate resulted in a decrease in current ratio with increasing
scan rate indicating a competing follow-on chemical process which follows the initial

oxidation.
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Figure 3.24: Cyclic voltammogram of 1 mM EC in 0.1 M LiCIOy in acetonitrile for 3 cycles at a
GCE over the potential range 0 to 1.5 V vs. AglAg" (10 mM AgNO;3) at 100 mVs™. (Cycle 1:
black/solid, Cycle 2: red/dash, Cycle 3: blue/dots) (typical trace).

Faster scan rates restore reversibility of the cathodic process (Peak II/III), (Figure 3.25
(A)) and all peaks reflected a diffusion-controlled process with current density vs scan
rate” being linear (Figure 3.25 (B)). Research by Bergens et al reflects one of the few
reports on the non-aqueous electrochemistry of EC in this solvent system and the data
presented here advances this work®,by further identifying the effects of scan rate, cycle

number and solution pH on EC.
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Figure 3.25: A) Cyclic voltammogram (showing cycle 3) of 1 mM EC in 0.1 M LiClOy in
acetonitrile at various scan rates 10 to 200 mV-s™ (typical trace) with B) corresponding plot of
current density vs. \scan rate for peaks I, I , IIl. Potential range 0 to 1.5 V vs. AglAg™ (10 mM

AgNO:3).

Investigations in an aqueous electrolyte which provided sufficient solubility for EC
(Figure 2.26) resulted in an irreversible wave at Ej = 1.2 'V vs. Ag/AgCl which decreased

upon cycling (Figure 2.26 (A)). Investigation into the influence of a lower starting
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potential resulted in no significant effect on the anodic process (+ 0.015 mA.cm™) (Figure

2.26 (B)).
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Figure 3.26.: Cyclic voltammogram of A) 1 mM EC in 3:7 methanol:sodium acetate buffer (pH
~4.5) at a GCE over the potential range 0 to 1.5 V at 50 mV.s™' (showing all three cycles) (typical
trace). B) Influence of the cathodic limit on the anodic process (first cycle shown) at 50 mV.s™
over the potential range -1 (blue), 0 (black) and -0.5 (red) to +1.5 V (typical traces).

In order to examine any film/redox product deposition which might influence subsequent
analytical work, Figure 3.27 (A) shows the effect of continuous potential sweeping in 1
mM EC at the GCE, with a decrease of peak I (Ej = 1.2 V) evident from 406.8 to 65.36
mA.cm. Within cycle 2 of the voltammogram the emergence of the new process at 1.06
V(III) was observed. An investigation in 3:7 methanol: phosphate buffer pH 7.25 resulted
in an anodic shift (100 mV) of peak I to 1.3 V vs. Ag|AgCl (Figure 3.27 (B)), being

suggestive of a pH effect with no evidence of new redox couples upon cycling.
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Figure 3.27: Cyclic voltammogram over the potential range of -1 to +1.5 V' vs. AglAgCl of A) 1
mM EC in 3:7 methanol:sodium acetate buffer (pH ~4.5) at a GCE (20 cycles shown) (typical
trace) and B) 1 mM EC in 3:7 methanol:phosphate buffer (pH ~7.25) at a GCE (5 cycles shown)
(typical trace). Inset: cycle 2 shown at 50 mV.s™

Following potential cycling in 1 mM EC, a golden hue was visible on the surface of the
GCE (Figure 3.28 (A(2)) relative to control surface (A(1)). This was interesting and
warranted further investigations. Film formation in 5 mM EC (over 50 cycles) followed,
as shown in Figure 3.28 (B) with peaks at 1.0, 1.2 and 0.98 V evident. The resultant more
purple, less uniform film is shown in image Figure 3.28 (A)(3) with evidence of bubble
formation. From the voltammetry, the redox peaks I, II III were found to be much more
defined in the case of deposition from 5 mM EC relative to 1 mM ((Figure 3.28 (B) and
(C) respectively) with an additional peak at -0.19 V observed (IV). Following cycling,

109



Chapter 3: Electroanalysis of Organic Firearm Residue Species

the electrodes were gently rinsed with water and dried with nitrogen before testing in the
background electrolyte (it was noted that the film was easily removed with a gentle wash

of ethanol).
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Figure 3.28: A) Photographs (x40 magnification) of 1) bare GCE polished surface and a GCE
surface following 50 cycles in 2) 1 mM and 3) 5 mM EC in 3:7 methanol:sodium acetate buffer
(pH ~4.5) at 100 mV. s over the range -1 to +1.5 V. Cyclic voltammogram over the potential
range of -1 to +1 V vs. AglAgCl at 50 mV.s' for B) 5 mM EC and C) 1 mM EC in 3:7
methanol:sodium acetate buffer (pH ~4.5) at a GCE (50 cycles, showing cycles 1 to 10 and then
every subsequent tenth cycle) (typical trace) Inset: zoomed in region of -0.5 to 0.5 V vs. Ag/AgCI
for clarity of peak IV
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The resultant film formed from 1 mM EC resulted in weak signals evident at 1.0 and -
0.04 V vs. Ag|AgCl (Figure 3.29) due to the soluble nature of the deposited material.
Peak I (Eg= 1.0 V) decreased by 64% over 5 cycles (0.087 mA.cm™ to 0.055 mA.cm™)

while peak II (Ej =-0.04 V) showed a steady increase over 5 cycles (~ -0.045 mA.cm™).
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Figure 3.29: Cyclic voltammogram (showing cycle 1) over the potential range of -1 to +1.5 V' vs.
Ag|AgCl at 100 mV.s™ in 3:7 methanol:sodium acetate buffer (pH ~4.5) of film formed following
cycling in 1 mM EC (red) relative to bare GCE (black) (n=1).

Given the acidic pH conditions employed in the studies thus far, a hydrolysis reaction was
proposed to explain breakdown of EC® and subsequent deposition of decomposition
products (see Scheme 3.4 for proposed mechanism) which is suggested to result in N-
ethylaniline and ethyl(phenyl)carbamic acid. Salvestrini ef a/, state that bifunctional acid-
base buffers are particularly efficient catalysts, such as the acetate buffer
(CH3COOH/CH3COO") implemented here®’. In their work, nonlinear dependence of the
rate constant on buffer concentrations suggested the existence of an intermediate (an aryl-
isocyanate), with this intermediate formation being the rate determining step. However,
given the disubstituted N atoms in EC, formation of this intermediate may prove difficult
as both the ethyl group (pKa: 50) and the aromatic ring (pKa: 43) on the nitrogen are poor
leaving groups. Laudien ef al. propose a possible mechanism of hydrolytic decomposition

of phenylureas in acidic media as an addition-elimination mechanism with the attack of

111



Chapter 3: Electroanalysis of Organic Firearm Residue Species

the protonated nitrogen by water as the rate determining step, forming a tetrahedral

intermediate®. Regardless of the intermediate pathway both mechanisms result in the

formation and subsequent breakdown of a carbamic acid to its corresponding aniline

under acidic conditions.

The second potential product, ethyl(phenyl)carbamic acid is a type of carbamic acid. As

carbamic acids are generally unstable and revert to their parent amine and CO, % (Scheme

3.3), this may explain the bubbles observed during the experiments, particularly for

electrodes cycled in 5 mM EC. Dimerisation of N-ethylaniline’® and resultant poly(N-

ethylaniline) (Scheme 3.4) may explain the yellow colour observed on the electrode

surface’.
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Scheme 3.3: 1) Acid catalysed hydrolysis of EC with breakdown of ethyl(phenyl)carbamic acid,
and II) further reaction of N-ethylaniline formed from hydrolysis and breakdown of carbamic

acid.
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1”2 but have some retention on

Both breakdown compounds are readily soluble in ethano
the electrode surfaces in the aqueous electrolyte employed here. The CVs shown in
Figure 3.27 in particular bear an interesting resemblance to that of electropolymerisation
of N,N dimethylaniline at carbon paste electrodes’ where SDS acted as a surfactant to
stabilise the aniline radical cation, thus improving the rate of polymerisation. Solubility
effects due to the ethyl group may explain the weak film forming processes evident,
together with steric effects due to the ethyl substituent which can distort the i system and

lower conjugation’*7>,

The redox mechanism of poly(N-alkyl anilines) includes 2e/2H" oxidation processes of
the leucoemeraldine (fully reduced) - emeraldine - pernigraniline (fully oxidised) forms
with the aid of the mobile acetate counterion’”. Following the initial irreversible oxidation
(Peak I in Figure 3.27 (B)), in subsequent cycles, redox peaks possibly associated with
poly(N-ethylaniline) (IIT & II 1.05 V and 0.99 V respectively) increase (cycles 2 to 3)
followed by a decrease (cycles 4 to 20). This may be due to soluble products’ or loss of
electroactivity upon overoxidation of the poly(N-ethylaniline) pernigraniline form. The
bulky ethyl substituent may decrease conjugation, and can increase the energy of the
semioxidised emeraldine, increasing the oxidation potential of the leucoemeraldine
form’, with this reduced form possibly featuring in the weak cathodic process (IV) at -

0.11 V.
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Leucoemeraldine

LML
L ) k —h

-2¢ +2¢°
+2A 2A°

)
Kl)’;@f QEQCV

|l

YO
KIJ.U Q{X

— n

-2€ +2e
+2A 2A

~ N

— n
Pernigraniline

Scheme 3.4: Various structures of poly(N-methylaniline) undergoing oxidation and reduction’®.

Due to the weak nature of the adsorbed species observed upon cycling under these
conditions, a scan rate study was not possible. However, scan rate investigations for GCEs
in 1 mM EC were performed (Figure 2.30 (A)). The effect of scan rate on the current at
10 mV.s! and 200 mV.s! are shown for the first three cycles (Figure 2.30 (B & C)). At
slow scan rates the processes at 1.05 V (II) and 1.00 V (IIT) were not visible due to the
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experimental timescale while at 200 mV-s! a clear couple was observed with Ef =0.05
V. A current density vs v'? plot for the peak at 1.2 V (I) was linear over the range 10-500
mV:-s! while the log I vs log v resulted in a slope of 0.55 with equation Log j, = 0.549
Log n + 3.343 (r> = 0.997) reflecting the diffusion-controlled nature of the process.
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Figure 3.30: A) Cyclic voltammograms (showing cycle 1) for scan rate study of EC at a bare GCE
over the potential range of -1 to +1.5 V vs. Ag|AgCl, scan rates of 10 to 500 mV.s™_ First 3 cycles
of 1 mM EC with 0.1 M LiCIlOy in 3:7 methanol:sodium acetate buffer (pH ~ 4.5) at B) 10 mV.s™
and C) 200 mV.s™
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The average value of E, — Ep2 as a function of scan rate was 65.9 mV and the an, term
was estimated (Equation (2.7)) as 0.72. Taking a as 0.5 this results in n, of 1.4. The
diffusion coefficient D, was estimated from Cycle 1 data using Equation (2.6) resulting
in 3.35x10° cm?s'. When scan rate data from cycle 3 was examined, linearity was
improved for current density vs scan rate plots with peaks II and III exhibiting surface
confined behaviour (r* = 0.977 and 0.998 respectively) and log Jp vs. log v plots for peak
(I) resulting in a slope of 0.7 indicating a mixed diffusion effect. Such first time
voltammetric studies of the redox behaviour and mechanism for EC electrooxidation in
these media offers novel insights which inform the follow on electroanalytical and sensor
development stage, exploiting glassy carbon electrodes modified with the magnetic

nanoparticles synthesised as described in section 2.2.2.

Difterential pulse voltammetry was employed to minimise the complications observed
above upon cycling and to isolate the main anodic oxidation peak for analytical purposes.
Figure 3.31 (A) and (B) shows the concentration dependent DPV response at bare and
modified (magnetic nanoparticle) GCEs over the range 0.5-1000 uM.
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Figure 3.31: Average DPV data (n=3) of EC over the potential range of -1 to +1.5 V vs. AglAgCI
with additional parameters as per electrochemical procedures section (region of EC peak 1 to 1.5
V only shown) for a concentration series (5 to 1000 uM) at A) bare and B) MNP modified GCE
(with current standard deviations of + 0.15 uA for bare and + 0.20 uA for modified across the
entire series).
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When the concentration series was plotted, a polynomial response was observed,
indicating that more than one linear series may be present in the set Figure 3.32 (A). Two
linear series were derived (n=3), a higher series (Figure 3.32 (B)) over the range 100 to
1000 uM and lower series (Figure 3.32 (C)) across the region of 5 to 50 uM, with the
highest sensitivity being achieved at the lower concentration series of 0.0386 + 0.0026
and 0.0637 + 0.0044 pA.uM! for bare and modified electrodes respectively. Limits of
detection and quantification values were calculated in the same way in which the values
for DPA were achieved and LODs of 4.07 + 0.25 and 4.39 + 0.28 uM and LOQs of 13.6
+ 0.85 14.6 £ 0.95 uM were obtained for both bare and modified electrode respectively.
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Figure 3.32: Average data plots (n=3) of current vs. concentration of EC in 3.7 methanol:sodium
acetate buffer (pH ~4.5) at bare (blue) and modified (red) GCE over the concentrations of A) 5
to 1000 uM, B) 50 to 1000 uM and C) 5 to 50 uM.
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Table 3.5: Comparison of LOD and LOQ values for DPA and EC at bare and MNP modified
GCEs.

Electrode LOD (upM) LOQ (uM)
Diphenylamine

Bare GCE 2.27+0.03 7.57+0.10

MNP modified GCE 3.51+£0.15 11.7 £0.47

Ethyl-centralite

Bare GCE 4.07+£0.25 13.6 £ 0.85

MNP modified GCE 4.39+0.28 14.6 £0.95

3.5 Conclusion

In this chapter, new insights into the electrooxidation of DPA and EC in organic and
aqueous electrolytes have been discovered, realising key knowledge into follow-up

products and processes which could arise during degradation.

The work presented within this chapter, progresses this via a successful study into the
electrochemistry of DPA and EC coupled with the first-time use of iron oxide magnetic
nanoparticles, positively influencing the sensing capabilities of the modified GCE. MNPs
were prepared using the accessible and controlled process of electrooxidation at iron
anodes followed by characterisation via surface, thermal, spectroscopic, and

electrochemical techniques.

Follow-up products were proposed, with the generation of DPB through the oxidation and
subsequent dimerisation of DPA and degradation of EC to its primary amine. In both
instances deposition of some material was confirmed with either surface confined
processes (Log jg vs. Log scan rate) or visual inspection of the electrode surface. It
appeared that the modified electrode hindered the generation of the DPB formation or at

least adsorption to the electrodes surface. These processes were present primarily using
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CV and so the use of DPV was more advantageous, with LOD and LOQ for both analytes
calculated at bare and MNP modified GCE.

In the next chapter, investigation into the electrochemical behaviour of both analytes
within the same sample matrix is progressed, being key for developing an

electroanalytical method for OFAR analysis.
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Chapter 4: Electrochemical Analysis of Analytes Found Within OFAR with the Extension
to Real Sample Analysis

4.1 Chapter Aims

In this chapter the three main aims were:

e To develop an understanding of how two different analytes found within the
organic fraction of FAR behave as they undergo analysis within a single matrix.

e To apply the developed methodologies to an unburnt propellent sample and real
case FAR.

e To extend this methodology to a low cost on-site disposable screen-printed

electrode configuration.

4.2 Introduction

With an understanding of how the analytes behave electrochemically in aqueous media
(Chapter 3), the initial steps in the development of an electrochemical method for O-
FAR have been presented. While O-FAR is not a regularly used component for FAR
analysis, as discussed in Chapter 1, there is increased interest in developing analytical
methods for reliable detection of the characteristic compounds found within a sample
matrix. Examples of conventional methods of analysis can be seen in Table 4.1, with
chromatographic methods being a common choice for forensic science

researchers/practitioners.
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Table 4.1: Non-electrochemical methods of analysis for DPA or EC.

Method Analyte Linear range LOD (ng.mL?) Ref
(ng.mL™Y)
Solid phase microextraction GC DPA & qualitative !
EC
lon mobility spectrometry DPA qualitative 2
Transfer to TLC with DPA qualitative 3
luminescence detection
GC-MS DPA 10 - 5000 2.09 4
EC 10 - 5000 0.382 4
UHPLC-ESI-MS/MS DPA - 95.64 5
EC - 11.06 >
Surface enhanced Raman DPA qualitative 6
spectroscopy
MS/MS DPA 5-200 1 !
Solid phase microextraction with DPA - 0.12ng 8
ion mobility spectrometer @ EC - 1.2ng 8
Thermal desorption GC-MS 2 DPA - 0.05ng (Vial) °
5 ng (Swab)
EC - 0.05 ng (Vial & 8
Swab)
LC-EC detector (Au/Hg) @ DPA - 0.039 ng 10
HPLC tandem MS/MS DPA 5-500 0.03 1

2 LOD values quoted as mass not concentration values.

However, with the lab confined nature of these methods of analysis and the generally
large costs associated with routine use, electroanalytical methods have experienced
interest as a more viable approach for the determination of analytes of interest
(specifically DPA and EC in this work). Though the use of electrochemical methods for
EC are very limited, DPA has been the subject of great interest in electroanalytical method
development. This is due in part to the reclassification of the allowed concentrations in
the environment. Since this, many different electrochemical methods have been

developed with some examples shown in Table 4.2.
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Table 4.2: Electrochemical methods for analysis of DPA or EC.

Electrode Method Analyte Linear Sensitivity LOD  Ref
Range (uM) (uA.pm) M)
PMo012/GO/GCE DPV DPA 0.05-400 2.00 0.006 12
EuMoSe2/GCE DPV DPA 0.01-243.17 2.32 0.008 13
DPA/MIP/CPE DPV DPA 500-3000 - 10.0 e
TiC/f-CNF/CSPE LSV DPA 0.04-56.82 | 16.47 0.003 1°
RGO/Fes0s- DPV DPA 0.1-30 — 0.05 16
MIP/GCE
Laz(WO4)3/SPCE DPV DPA 0.01-58.06  0.094 0.0024 7
MgxNi¢—Ss@C/GCE = DPV DPA 0.1-76 — 0.016 18
AgNP/GG/CSPE DPV DPA 0.01-9.09 6.879 0.0054 1°
Bare Carbon SPE SWASV DPA 5.9 47 2 273 | &
Bare Carbon SPE SWASV EC 1.8-29.8 - 1.67 20*
Bare GCE C-SWV DPA - g B
Bare GCE DPV DPA 0.5-50 0.0629 2.27 vTvak
MNP modified GCE DPV DPA 0.5-50 0.0801 351 | T ';igk
Bare GCE DPV EC 0.5-50 0.0386 4.07 mifk
MNP modified GCE DPV EC 0.5-50 0.0637 4,39  This

work
*Forensic application
With the wide variety of methods available for O-FAR analysis, electrochemical methods are
a growing interest in the research space. Within this chapter, further development and
optimisation of the method was undertaken with a goal to further develop the method for on-
site capabilities, with a simple low-cost modification material, which has not been undertaken

by the methods given in the above table.

4.3 Experimental

4.3.1 Materials and Reagents
Ethanol (anhydrous > 99.5%), methanol (ACS Reagent, 99.8%), diphenylamine (ACS

Reagent >99%), 1,3 diethyl-1,3 diphenyl urea (ACS Reagent > 99%)), acetic acid (ACS
Reagent > 95.0%), lithium perchlorate (ACS Reagent > 95.0%), hexamineruthenium(II),

potassium chloride were all purchased from Sigma-Aldrich and required no further
purification. Electrode polishing solution was a 1 pum monocrystalline diamond
suspension (Akasel). The sacrificial iron anode and cathode rods (3 x 12 cm?) were
purchased from Goodfellow (purity 99.5%). Rare earth neodymium magnets (grade N35)

were purchased from Farnell. For the chemical precipitation of magnetic nanoparticles,
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iron(IIl) chloride hexahydrate (97 -102%, Alfa Aesar), iron(Il) chloride tetrahydrate (>
99%, Fluka) and ammonium hydroxide (25% solution in water, Acros organics) were

employed.

4.3.2 Instrumentation and Software

All electrochemical experiments were carried out using a Solartron Potentiostat Model
1285 operated by Scribner Associates Corrware software package with data analysis
using CorrView Version 2.3a and a CHI Electrochemical workstation model (660E)
operated by CHI software (version 19.10) with Microsoft excel 365 software package for
data analysis. A glassy carbon electrode (IJ Cambria Scientific) (GCE) (3 mm disk, area
= 0.0707 cm?) served as the working electrode, while platinum wire and a standard
Ag|AgC1 electrode (internal solution 3 M KCIl) were employed as the counter and
reference electrodes, respectively. The Ag | AgCl reference electrode was stored in 3 M
KCI when not in use. An IR lamp was used to dry the magnetic nanoparticle suspensions
on working electrodes and a ThermoFisher thermostatic oven was used for drying the
magnetic nanoparticles following synthesis. Scanning Electron Microscopy with Energy
Dispersive X Ray spectroscopy was performed on a Hitachi SU-70 FE-SEM with Oxford

instruments X-max 50 mm?

solid-state detector. Atomic Force Microscopy (AFM)
measurements were taken on an Agilent 5500 AFM in Acoustic AC mode. Tap300Al-G
cantilevers from Budget Sensors were used with resonant frequency of ~300 kHz and a
spring constant of 40 N/m. Screen printed strips were fabricated using DuPont BQ242
polymer thick film (PTF) carbon ink, Gwent Silver/Silver Chloride ink, Polyethylene

terephthalate (PET) substrate and a Thermoscientific HER Atherm Incubator.

4.3.3 Procedures

4.3.3.1 Electrochemical Procedures

Electrochemical procedures utilised within this chapter follow those seen in Chapter 3

section 3.3.3.1

4.3.3.2 Synthesis of Magnetic Nanoparticles

Electrosynthesis of magnetic nanomaterials (MNP) was employed per Chapter 3 section

3.3.3.2.
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For the purposes of the screen-printed electrode modification, and due to the larger
quantities required, a chemical coprecipitation method was employed??. This involved
dissolving FeCl3.6H,0 (5.833 g) and FeCl2.4H>0 (2.149 g) in 100 mL of DI water,
followed by stirring under N> gas, while heating to 72°C. This was followed by addition
of 10 mL of 25% ammonium hydroxide. The magnetic particles precipitated
instantaneously, and the mixture was further stirred at 72 °C for a further 20 minutes and
then allowed to cool to room temperature. The material isolation and washing procedure

followed that of the electrosynthesis approach.

4.3.3.3 Glassy Carbon Electrode Modification

As per section 3.3.3.3

4.3.3.4 Screen Printed Electrodes

Screen printed electrodes (SPE) were fabricated in a multistep process (in house
developed protocol using stencil printing) - see Scheme 4.1. Once the base PET substrate
was measured to size, protective masks (with adhesive backing) were cut to 8 x 2 cm with
a 1.5 x 1.3 cm sample well. Carbon ink was then applied to the surface and allowed to
dry at 60 °C for 2 hours. Following curing, the protective mask was removed to expose
the channel, and the printed layers were applied to the dried electrode base with the aid
of adhesive backed tape. The pseudo reference electrode was formed from silver/silver
chloride ink which was cured at 60 °C for 2.5 hours. The electrode was ready for use once
cooled to room temperature with an exposed geometric working electrode area of 0.283
cm?. Magnetic nanoparticle modification of the SPE prototype was achieved via drop
casting in a similar fashion to that of GCE with the volume reduced to 10 pL increments

to facilitate the dimensions of the sample well (total volume 100 pL).

136



Chapter 4: Electrochemical Analysis of Analytes Found Within OFAR with the Extension
to Real Sample Analysis

PET Substrate 0.2 cm
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Scheme 4.1: Schematic showing fabrication process for screen printed electrode utilised within

this work.

4.3.3.5 Surface Analysis

Scanning electron microscopy sample analysis required carbon tape lift recovery of the
OFAR from the textile target sample over an area of approximately 20 cm? taken radially
from the hole produced from the ammunition penetration, followed by sputter coating
(Au/Pd) and EDS analysis. Atomic force microscopy analysis was performed by Dr.
Shane Murphy of Technological University Dublin, on the same sample type using the

same recovery method with tapping mode employed.

4.3.3.6 Firearm Residue Extraction and Analysis

A portion of fabric (polyester/cotton blend (65/35)) was subjected to close range firing
using a shotgun - cartridge of ELEY Super game, branded ammunition (Figure 4.1)
containing Maxam® CSB 3 powder, a single base powder that is fast-burning specially
indicated for loading low shot weight shotshells (up to 32 g). The unfired propellant

specifications are given below (Table 4.1)%
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Figure 4.1: Photograph of ELEY super game shotgun cartridges box with spent cartridges.

Table 4.3: Maxam® CSB 3 powder specifications as per manufacturer.

Parameter of Propellent
Gauge
Powder
Lead
Velocity
Pressure
Shape
Colour
Diameter
Thickness
Density

Firearm recovery involved application of a methanol-soaked cotton swab over a
designated area (50 cm?) of the textile sample (Figure 4.2). The swab was added to a
volume of methanol and sonicated for 30 min. The extracted solution was filtered (gravity
filtration) to remove remaining particulates and the solvent removed under nitrogen. The
remaining white solid was reconstituted in 1.5 mL methanol and brought up to 5 mL with

0.1 M LiClO4 sodium acetate buffer pH 4.4 (retaining the 3:7 electrolyte employed with

the standards).

Value

12

1.65¢g

30

409 m.s™!
52.2 Mpa
Disc
Grey

1.7 mm
0.3 mm

535g.L"!
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- - s S

Figure 4.2: Photograph of gunshot hole in 65% polyester 35% cotton fabric.

DPV followed in all cases and samples were subjected to spiking for quantitative analysis
via standard addition. In the case of the screen-printed electrode sample analysis, 60 mg
of propellent disks was dissolved in 5 mL of methanol and the solution was then applied
to a 40 cm? portion of polyester fabric, which was allowed to air dry for 1 hour before

being recovered using a methanol-soaked cotton swab.

4.4 Results and Discussion

4.4.1 Dual Analyte Analysis

In the previous chapter, analytes were examined electrochemically on an individual basis

with the formation of secondary products clearly observed with cyclic electrochemical
methods. Due to the follow-on chemical processes involved in the case of both DPA and

EC, DPV was selected as the electroanalytical method for dual analyte quantitation.

DPV was performed in a standard test mixture and the response examined at both the bare
and MNP modified GCEs. As may be seen in Figure 4.3 (A & B) both analytes showed
good response resolution with peak potentials of 0.654 V and 1.26 V for DPA and EC

anodic signals respectively, with I} evaluation over the range 1-1000 pM. In the mixed
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standard analysis, the MNP modifier impacted the sensitivity for DPA (1.22 +0.077 - fold
increase (n=3)) with no significant difference (p = 0.3013) in relation to the EC signal,
though a more well-defined EC peak shape was evident. A polynomial response was

observed here to a greater extent relative to EC alone (Figure 4.3 (C &D)).

45 F 45 F
40 f DPA 40 F A 4
35 35 F
< 30 30 1000 M EC
225 225
- 20 — 20
15 15
10 10
5 5
0 0
05 07 09 11 13 15 05 07 09 11 13 15
E /V vs. Ag|AgClI E /V vs. AglAgCI
®or BO [ soeeeeereseessessseessesesoe
iy =0.0368x + 2.1158 P 4 r ty = 0.0435x + 2.5031 R
35 R2=0.9923 L7 40 R2=09911 i »
j SRt trrre N ,
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<§_ 25 . ’ g | 5 ’
: 20 B 7/ : /7 L= [9)
/. _ .= T T -0 20 F ,/ Pr -
15 2{:./0 15 | ./,/.4
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Figure 4.3: Average data (n=3) for DPV over the potential range -1 to +1.5 Vvs. Ag|AgCI (region
of peaks 0.5 to 1.5 V only shown) with additional parameters as per electrochemical procedures
section. Equal concentrations of DPA and EC over the range 1 to 1000 uM in a 3:7
methanol:sodium acetate buffer (pH ~4.5) at A) bare and B) MNP modified GCE (with current
standard deviations of £ 0.15 uA for bare and + 0.24 uA for modified across the entire series)
with corresponding calibration curves for C) bare and D) modified electrodes.
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As DPA was subject to polymerisation to diphenylbenzidine?*?

, upon oxidation, the
presence of both analytes caused an alteration in the shape of the more positive response
for EC (Figure 4.4 (A)). The MNP modified electrode impacted positively on this effect,
resulting in a sharper peak. The change from cyclic methods to a pulse technique and
continuous use of MNP modification was implemented to reduce the effect of
polymerisation of the analytes on the electrode surface. While the effect may have been
reduced, the change in signal of EC compared to when the analyte is by itself may indicate

that some hindrance to the surface remained. Concurrently, no difference was observed

in the shape of the anodic response for DPA while EC was present (Figure 4.4 B).

A) 40
35 — Avg Bare EC & DPA
——Avg MNP EC & DPA
30 | —— Avg Bare EC
——Avg MNP EC
25
<
220
T 15
10
5
0|||||||||||||||||||||||||
1 1.1 1.2 1.3 1.4 15
E/Vvs. Ag| AgCl
B) 50
40 r ——Avg Bare EC & DPA
—— Avg MNP EC & DPA
—— Avg Bare DPA
30 —— AVgMNP DPA
<
=3
= 20
10
0
0.4 0.5 0.6 0.7 0.8 0.9

E/Vvs. Ag| AgCl

Figure 4.4: Average DPV (n=3) over the potential range of -1 to +1.5 V vs. AglAgClI for both
individual and dual analyte systems with additional parameters as per electrochemical
procedures section showing A) 1 mM EC peak and B) 1 mM DPA peak under the same conditions
at both a bare and MNP modified GCE.

141



Chapter 4: Electrochemical Analysis of Analytes Found Within OFAR with the Extension
to Real Sample Analysis

As observed with the analytes individually, two linear ranges existed across the
concentration range used in the analysis. Calibration curves for the analytical range of
interest (Figure 4.5) are shown to result in sensitivities 7.49 x 102+ 0.0012 pA-uM™! and
5.49 x 102 £ 0.0014 pA-uM ! for DPA and EC respectively. This represents a small
decrease in DPA and EC sensitivity relative to individual analysis over the same range

(8.01 x 102+ 0.0034 and 6.37 x 102 + 0.0044 pA-uM! respectively) (n=3).

4 r
35 F ..,
\  m DPA : -7
3 F 1y = 0.0749x - 0.2441, L7
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- E/ _______________________
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Figure 4.5: Plot of current vs. concentration for both DPA and EC in a mixed analyte system over
the concentration range of 5 to 50 uM at MNP modified GCE.

Using the data from the lower calibration range, values for limits of detection and
quantification (Equation 3.10 and 3.11) can be compared for both single and mixed
analyte standards along with a comparison of bare and modified GCEs (Table 4.4.) with
the MNP modified electrode realising a lower LOD for EC alone and in the presence of
DPA relative to the bare electrode.
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Table 4.4: LOD and LOQ comparison for bare and MNP modified electrodes.

Electrode System Analyte LOD (pM) LOQ (M)
Bare GCE Single analyte  Ethyl Centralite = 4.07 £ 0.25 13.6 £ 0.85
Single analyte = Diphenylamine = 2.27 + 0.03%° 7.57 £
0.10%
Mixed Ethyl Centralite = 7.06 £2.52  23.5 +£8.40
analytes
Mixed Diphenylamine = 4.48 £0.83*  14.9 + 1.94°
analytes
MNP modified Single analyte Ethyl Centralite = 4.39 +0.28 14.6 £ 0.95
GCE Single analyte = Diphenylamine = 3.51£0.15° 11.7+0.47°
Mixed Ethyl Centralite =~ 4.76 + 0.28 159+1.28
analytes
Mixed Diphenylamine = 3.75+0.06  12.5+0.19
analytes

Table 4.5 shows the overall comparison of LOD and LOQ values obtained for single vs.
mixed analyte systems and the bare vs. MNP modified electrodes. In general, no statistical
significance (via unpaired t-test) was found with the exception of LOD’s and LOQ’s
calculated for (a) DPA in bare electrode single vs. mixed systems (values * in Table 4.4)
and (b) bare vs. MNP modified electrodes in the single analyte system (values ° in Table

4.4).
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Table 4.5: Comparison of statistically significant differences for LOD and LOQ values obtained
for DPA and EC at different electrode modifications.

Modification Comparison P value Statistically Significant
Difference

Bare EC single vs. mixed - 0.1103 No

LOD

EC single vs. mixed - 0.1121 No

LOQ

DPA single vs. mixed - 0.0100 Yes

LOD

DPA single vs. mixed - 0.0028 Yes

LOQ
MNP EC single vs. mixed - 0.2461 No

LOD

EC single vs. mixed - 0.2306 No

LOQ

DPA single vs. mixed - 0.0618 No

LOD

DPA single vs. mixed - 0.0523 No

LOQ

Statistically significant

System-Analyte  Comparison P value Difference
Single  analyte- Bare vs. MNP LOD 0.2138 No
EC Bare vs. MNP LOQ 0.2485 No
Single analyte- Bare vs. MNP LOD 0.0001 Yes
DPA Bare vs. MNP LOQ 0.0001 Yes
Mixed analyte- Bare vs. MNP LOD 0.1931 No
EC Bare vs. MNP LOQ 0.1963 No
Mixed analyte- Bare vs. MNP LOD 0.2033 No
DPA Bare vs. MNP LOQ 0.0999 No

Consideration of competing electroactive signals from co-existing species was important
in advance of real sample analysis and an interference study examined diphenyl urea
(DPU) and dimethyl phthalate (DMP) (MNP modified electrodes) in the same electrolyte
at 0.25 mM in each case. Figure 4.6 shows that individually, DPA, DPU and EC were
adequately resolved Ej = 0.64, 0.96 and ~ 1.20 V respectively. DMP was found to be
non-electroactive over this range and had no impact on propellant stabiliser current

response signals.
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Figure 4.6: Overlaid DPVs over the potential range of -1 to +1.5 V vs. AglAgCl with additional

parameters as per electrochemical procedures section (region of peaks: 0.5 to 1.5 V only shown).
MNP modified GCE response to 0.25 mM DPA (black), 0.25 mM EC (red), 0.25 mM DPU (blue)
and 0.25 mM DMP (green) in individual solutions (typical traces).

In summary, both EC and DPA were successfully determined both qualitatively and
quantitatively within a mixed solution, with LODs and LOQ calculated. Slight variation
was observed in the results when compared to the values obtained when analysis was
performed individually with the analytes, however, MNP modification did still provide
an increased signal response. The signals realised did not show an overlap at potentials
with other common analytes found within OFAR and the methodology was ready to be

tested with a real sample of FAR.

4.4.2 Analysis of Firearms Residue generated from the Discharge of a
Shotgun.

Real samples were obtained from the discharge from a shot gun using the Eley 12 Super

game cartridges filled with Maxam® CSB 3 powder as per section 3.3.3.6. To ensure that
the FAR samples obtained were capable of being processed by traditional methodologies
of FAR analysis FAR, SEM, EDX and AFM were employed for tape lifts acquired around
the hole on the fabric.
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4.4.2.1 Traditional Analysis of FAR

In order to provide verification of the FAR metallic composition, via conventional surface
analysis, tape lift samples were employed for SEM/EDX analysis along with atomic force
microscopy (AFM). Figure 4.7 (A & B) show the particles (spheres approximately 17
um in diameter), while the EDX showed evidence of characteristic inorganic metal
fraction of FAR to include lead, barium and antinomy as shown in Figure 4.7 (C). These
results are in line with the  Organisation of  Scientific  Area
Committee for Forensic Science (OSAC) criteria for FAR particle analysis via

SEM/EDX?®.

Spectrum 2

Figure 4.7: SEM photographs of IFAR particles recovered from fabric via tape lifts using a carbon
stub showing particles at A) x450 and B) x4000 magnification with EDX spectral analysis for
IFAR particle in (B) showing presence of lead, antimony and barium.

AFM analysis (Figure 4.8) focused on a single particle of 4 pm diameter with height 1.5
pum - topography, amplitude and phase shown. The phase image shows phase shifts at
different points decorating the surface of the particle, possibly corresponding to materials
of different hardness. These are forward trace images, but the same details are reproduced
in the backward retrace images. Interpreting the phase images is complex due to the
convolution of sample topography and interaction forces. Tapping-mode operation was
chosen in the repulsive regime, providing improved contrast in the phase image by setting

the oscillation amplitude slightly below the cantilever's resonance frequency. Darker
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regions in the phase image may suggest areas with higher elastic modulus or increased
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Figure 4.8: Atomic force microscopy of tape lifted sample performed by Dr. Shane Murphy of
Technological University Dublin, taken under ambient conditions using a benchtop AFM in
tapping mode with 300 kHz, 40 N.m™' cantilever using a scan speed of 0.2 lines.s™, drive frequency
of 272 kHz and drive amplitude of 0.4 V.

Through each form of analysis, confirmation of shape, size and composition of the
particles found within the tape lifts are in line with the recommended criterial for I-FAR.
With this confirmation, there was confidence that the sample procedure would be suitable

to test the electrochemical approach for OFAR determination.
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4.4.2.2 Electrochemical Detection of Organic Analytes in a Sample of Unburnt

Propellent.
5 mg of unburnt propellent discs (Figure 4.9) were dissolved and reconstituted to undergo
DPV analysis (Figure 4.10). The results showed that DPA was qualitatively identified by
the signal at Ej) = 0.676 V vs. Ag|AgCl by overlaying with a 10 pM DPA standard DPV,
in the case of both bare and MNP modified electrodes. A wave representing lead oxidation
appeared at Ejy = —0.492 V, which matches previous reports under similar experimental
conditions®” and the signal was observed to be significantly amplified at the MNP
modified electrode with an average 37-fold increase in current observed. This was thought
to be due to the co-ordination of Pb%* ions to the surface hydroxy groups of the magnetic
nanomaterials, with the lead response being sensitive to nanomaterial loading/dispersion
with intra electrode variations. Xiong et al., 2013 demonstrated a similar effect at amine
functionalised magnetite nanoparticles with a 10-fold enhancement in signal using a
stripping square wave approach?®. Wu et al. also reported a mixed metal quantitative

system made possible at Fe304 modified functionalised multiwalled carbon nanotubes®.

Figure 4.9: Photograph of unburnt propellent discs recovered from shotgun cartridge.
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Figure 4.10: Average DPV data (n=3) over the potential range of -1 to +1.5 vs. Ag|AgCI with
additional parameters as per electrochemical procedures section. A) unburnt propellent sample
at bare (black) and MNP modified (red) electrodes and 10 uM DPA standard at bare (blue) and
MNP modified (green) electrodes with B) zoomed in region of interest for DPA peak.

The absence of EC within the sample may be partly due to the changes in formulation
from ammunition types and brands. Most shotgun propellants are single base
formulations, which may favour the presence of 1-5% w/w of the stabiliser with no clearly
defined preference on the stabiliser used. However, lists are provided in the patents of
propellent formulations with the phrase “at least one” normally including DPA or EC3%-
33, Regardless, as there was a possibility that EC was present even if only in low
concentrations, standard addition analysis was performed to estimate the quantities of

stabilisers present in the unburnt propellent.

Standard addition for DPA quantification at bare (Figure 4.11 (A)) and MNP modified
(Figure 4.11 (B)) electrodes with additions of DPA over the range 19.6-56.6 uM were
performed, with calculations (Figure 4.11 C) realising 1.08 and 1.06 % w/w for bare and

modified respectively for DPA in the unburnt propellant.
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Figure 4.11: Average DPV data (n=3) over the potential range of -1 to +1.5 V vs. Ag|AgClI with
additional parameters as per electrochemical procedures section of 4) bare and B) MNP modified
GCE with standard addition of DPA 19.6 to 56.6 uM in a solution of 5.91 mg unburnt propellent
discs with C) standard addition analysis plots generated from DPV data in (A) and (B) (with
current standard deviations of + 0.092 uA for bare and + 0.11 uA for modified across the entire
series).

Standard addition for EC was also performed at a bare (Figure 4.12 (A)) and MNP
modified electrode (Figure 4.12 (B)). However, as the initial testing indicated that the
level of EC may be absent or below the LOD, a much larger quantity of unburnt propellent
discs (32.2 mg) was used to allow for the best chance for detection, hence the clear
presence of DPA within the signal. Standard addition calculations (Figure 4.12 C)
realised 0.21 and 0.25 % w/w for bare and modified respectively for EC in the unburnt
propellant.
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Figure 4.12: Average DPV data (n=3) over the potential range of -1 to +1.5 V vs. Ag|AgCl with
additional parameters as per electrochemical procedures section. 4) bare and B) MNP modified
GCE with standard addition of EC 19.6 to 56.6 uM in a solution of 32.2 mg unburnt propellent
discs with C) standard addition analysis plots generated from DPV data in (A) and (B) (with
current standard deviations of £ 0.14 uA for bare and = 0.4 uA for modified across the entire
series).

The quantitative data for the standard addition analysis for DPA and EC (Table 4.6) are
within the previously calculated LOQ for both analytes in mixed systems at bare and
modified electrodes, increasing the confidence in the obtained values. The total calculated
% w/w of stabilisers in the samples were within the 1-5% w/w value quoted by multiple

patents for propellent formulation.
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Table 4.6: Averaged results of standard addition analysis with unburnt propellent (n=3).

Electrode DPA % wiw EC recovered % w/w EC Total % w/w
recovered DPA uM) observed stabilisers
M) in sample
Bare 86.5+2.5 1.08 62.0+3 0.21+0.013 1.29
+0.036
Modified 76.3+0.7 1.06 49.6+24  0.25+0.010 1.31
+0.010

The results obtained gave an excellent estimation of the quantities of DPA and EC present
within the propellent formulations prior to firing. The next steps were to move on to a
recovered FAR sample to show if the concentrations present are still within the defined

LOD and LOQ for successful analysis.

4.4.2.3 Electrochemical Detection of Organic Analytes in a Real Sample of FAR.

Figure 4.13 shows the firearm residue DPV trace following recovery via methanol
swabbing of the textile surface. MNP modified electrodes resulted in a wave at 0.672 V
indicative of DPA which was confirmed by spiking (19.6-56.6 mM DPA additions).
Quantitation realised 0.512 and 0.426 pg.cm™ DPA for bare and MNP modified electrode

respectively.
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Figure 4.13: Average DPV data (n=3) over the potential range of -1 to +1.5 V vs. Ag|AgCl with
additional parameters as per electrochemical procedures section. 4) bare and B) MNP modified
GCE with standard addition of DPA 19.6 to 56.6 uM in a solution of FAR swabbed over an area
of 50 cm’ with C) standard addition analysis plots generated from DPV data in (4) and (B)
(current standard deviations of £ 0.02 uA for bare and + 0.01 uA for modified across the entire
series).

Figure 4.14 shows the DPVs corresponding to the recovered OFAR from the actual FAR
sample recovered from a fabric textile at both bare (Figure 4.14 (A)) and MNP (Figure
4.14(B)) modified GCEs with corresponding EC standard addition data Figure 4.14 (C)
(no DPA was observed in this case). Recovery of 1.52 + 0.27 and 1.17 + 0.3 pg cm™ was

realised at bare and MNP modified electrodes respectively.
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Figure 4.14: Average DPV data (n=3) over the potential range of -1 to +1.5 V vs. Ag|AgCl with
additional parameters as per electrochemical procedures section. A) bare and B) MNP modified
GCE with standard addition of EC 19.6 to 56.6 uM in a solution of FAR swabbed over an area of
50 cm’. C) standard addition analysis plots generated from DPV data in (4) and (B) (with current
standard deviations of £ 0.31 uA for bare and + 0.63 uA for modified across the entire series).

In all instances, the concentration of the analytes obtained from real FAR samples (Table

4.7) were above the previously calculated LOQs while being less than the original unburnt

propellent samples. Trache et al. have reported on the stability of the stabilisers of

energetic material showing that the DPA stabilisation mechanism produces a variety of

nitro and nitrite substituted compounds while on the shelf**. The act of firing may catalyse

this process, lowering residual DPA levels. In relation to EC shelf-life stability, the

breakdown to a carbamic acid and N-ethylaniline, are also proposed®*, and based on our

154



Chapter 4: Electrochemical Analysis of Analytes Found Within OFAR with the Extension
to Real Sample Analysis

voltammetric studies, the method can report residue levels of EC which remain on

clothing following firearm discharge.

Table 4.7: Results of standard addition analysis with FAR sample swabbed from textile surface
(n=3).

Electrode @ DPA recovered DPA recovery EC recovered EC recovery

uM g cm M g em
Bare 302+ 1.4 0.512+0.024  56.6+ 10.1 1.52+0.27
Modified  25.2+5.6 0.426+0.094  43.6+ 11 1.17 + 0.30

The data presented here provides a strong lab-based method for the analysis of OFAR.
However forensic scientists already have deeply established methodologies in SEM and
EDX for FAR analysis. To provide a realistic alternative to laboratory-based analysis, an
onsite, portable approach utilising screen printed electrodes for FAR analysis was

proposed.

4.4.3 Development of Screen-Printed Electrodes for OFAR Detection

Following successful determination of the analytes of interest within a conventional three

electrode cell, the development of screen-printed electrodes (SPE) which could use the
previously developed method was the next step in the development of a methodology

which forensic professionals could potentially use on site for FAR analysis.

The initial fabrication process for the SPEs underwent two iterations prior to the finalised
design (as seen in Section 3.3.3.4). In Figure 4.15 the designs of the SPE are shown.
Design #1 was initially used; however, the singular large opening was difficult to
reproduce for the second PET layer and tears were commonplace due to the opening’s
proximity to the edge. Design #2 was implemented with the use of a hole punch allowing
for a uniform opening, however, when applying MNP for modification the solution ran
from the working electrode side to the counter and pseudo reference side, causing loss of

material and in some instances short circuiting of the SPE due to iron nanomaterial
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creating a conductive bridge between the electrodes. Design #3 was developed with the
idea of minimising the likelihood of MNP materials accidently being applied to the
reference and counter electrodes. Due to the separation of the electrode active areas, an
additional layer of PET acting as a sample well was added to allow for the sample solution
to be held on the electrode surface. As the most successful, design #3 was utilised for the

analysis.

A) B) C)

o] ce

Design #1 Design #2 Design #3

Figure 4.15: Three iterations of the SPE prototype design for the analysis of OFAR.

MNP modification of the SPE was performed with the same final volume of solution,
however, due to the size of the exposed working electrode area, the application volume
was changed from 5 applications of 20 pL of a 1 mg.mL"! solution of MNP in ethanol to

10 applications of 10 pL for a final volume of 100 pL of solution.

4.4.3.1 Comparison of Electrosynthesised and Coprecipitated Magnetic Nanoparticles

Due to the low yields of material obtained from the electrosynthesis method of MNP
formation, a different method of material synthesis was used. IR and TGA/DSC analysis
was performed to compare the materials. As shown in Figure 4.16, indicative functional

group Fe-O (magnetite) at 560.71 and 437.28 cm™! were observed for the original
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electrosynthesised material, which shifted to 545.28 and 425.23 cm’! for the material

prepared using the chemical co-precipitation method.

Offset Y values

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber / cm™

Figure 4.16: FTIR spectra of (black) electrochemically and (red) chemically synthesised MNP,

Thermogravimetric analysis (TGA) coupled with differential scanning calorimetry (DSC)
was employed to examine thermal stability which can depend on grain size and the
synthetic process (Figure 4.17). The initial mass variation loss (red TG curves) may be

due to an overlap of the exothermic process of H>O and surface -OH group elimination.
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Figure 4.17: Thermal analysis (DSC/TGA) in air at a flow rate of 10 mL.s™ with a temperature
programme of an initial hold at 30 °C for 1 minute and an increasing temperature ramp of 30 °C
to 600 °C at 5 °C.min” for A) chemically prepared and B) electrochemically prepared MNPs.

The material was comparable from the results of FTIR and TGA/DSC analysis and
deemed appropriate for use with the SPE methods.
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4.4.3.2 Analysis of Individual Analvytes at SPE

Given the success with the previous methods, DPV analysis was once more utilised for
the initial exploration into the SPE’s ability to detect the analytes of interest. In Figure
4.18, the difference between the bare and modified SPE were observed. Within the
individual analyte solutions (Figure 4.18 (A & B)) the bare SPE (solid black trace) on
average (n=3) reported higher current values than the modified counterpart, with I7 =
6.92 £ 0.14 pA for DPA and 6.99 + 0.19 uA for EC at the bare SPE, and, I;; = 5.25 £ 0.80
nA for DPA and 5.84 + 0.53 pA for EC at the modified SPE. The modified SPE reported
a signal of ~76% and ~84% for DPA and EC respectively compared to the bare SPE. A
statistically significant difference was observed when comparing DPA bare and modified
values (p = 0.0236) and EC bare and modified values (p = 0.0241) using an unpaired t-

test.

Upon observing the results for the solution with both analytes present (Figure 4.18 (C)),
the same trend of MNP modification producing signals less than the bare SPE continued.
Modified SPEs produced signals of ~93% and ~91% for DPA and EC respectively
compared to the bare SPE.

In both instances, there was a reported loss of signal comparing the multi-analyte
solutions to their individual counterparts even though the concentration remained the
same. However, even with the loss of current for the analytes, the introduction of the MNP

modified SPE appeared to produce more defined analyte peaks.

158



Chapter 4: Electrochemical Analysis of Analytes Found Within OFAR with the Extension
to Real Sample Analysis

A) r B)

1/ pA

O L N W S~ O1 OO N 0O ©
1/ pA

O L N W S~ O1 OO N O O©

-0.5 0.5 15 -0.5 0.5 1.5
E /V vs. Ag|AgCl E /V vs. Ag|AgCl

O|||||||||||||||||||||||||
-0.5 0 0.5 1 1.5 2

E /V vs. Ag|AgCI

Figure 4.18: Average DPV data (n=3) over the potential range of -0.5 to +2 V vs. Ag|AgCl with
additional parameters as per electrochemical procedures section. A) I mM DPA, B) 1 mM EC
and C) 1 mM DPA and 1 mM EC in 3:7 methanol:sodium acetate buffer (pH ~ 4.5) comparing a
bare (solid) and MNP modified (dash) SPE.

To explore the change in trend, from that previously observed in the three-electrode cell,
a closer look at the background voltammograms was required. In Figure 4.19 (A) the
comparison between the average background DPV scans (n=4) in aqueous electrolyte for
bare and MNP modified SPE are shown. At the expected potential region for DPA reaction
(E 5 = 0.78 V) average bare SPE resulted in a current of 2.16 £ 0.25 pA while average

MNP modified SPE resulted in a current of 0.329 £ 0.62 pA, a 70.4% drop in current

between the bare and modified SPE. Due to the shift in EC position within a multi analyte
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solution and the position of the analyte signal in a region of increasing anodic current for

both bare and MNP modified SPE, the backgrounds could not be compared accurately.

To obtain a more accurate representation of how the background signal affected the
analyte signal, a background subtraction was performed (Figure 4.19 (B)). This involved
performing the analysis with the SPE in the electrolyte solution, then subsequently
removing and drying the solution and adding the solution for analysis. The initial data
was then subtracted from the analyte data to realise background subtracted results. The
background subtraction resulted in a change in the average trend, with the modified SPEs
reporting a 1.76-fold increase for DPA and 2.12-fold increase for EC. The trend was much
more in line with the previously observed trend at the macro GCE, leading to the

background subtraction being integrated into the methodology going forward.
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Figure 4.19: Average DPYV data (n=4) over the potential range of -0.5 to +2 V vs. Ag|AgCI with
additional parameters as per electrochemical procedures section. 4) background electrolyte
solution at bare (black) and MNP modified (ved) SPE and B) 1 mM DPA and 1 mM EC in 3:7
methanol:sodium acetate buffer (pH ~4.5) background subtracted (using data from (A4))
comparing a bare (solid) and MNP modified (dash) SPE.

4.4.3.3 Reproducibility of SPE’s

As the background subtraction was necessary to observe a clear increase in signal
comparing the bare and MNP modified SPE, the reproducibility of the SPE was relevant
due to the in-house fabrication of the electrodes. Robust signal reproducibility was

demonstrated (Figure 4.20 (A & B) and Table 4.8) with intra SPE variation (n=4) being
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highly promising at % RSD = 3.9 and 4.8% for the bare electrode response and 3.8 and
2.6% for the MNP modified SPE.
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Figure 4.20: DPV over the potential range of -0.5 to +2 Vvs. Ag|AgCl with additional parameters
as per electrochemical procedures section. Of A) bare and B) modified SPE for 1 mM EC and
DPA in 3:7 methanol:sodium acetate buffer (pH ~4.5) showing inter-electrode variability for n=4

individual strips.

Table 4.8: DPA and EC peak data at four different SPEs.

Bare

DPA
SPE Ef Iy

V) kA

1 0.59 4.78
2 0.62 490
3 0.60 5.01
4 0.66 531
Average = 0.62  5.00
StDev 0.03 020
RSD 43% 3.9%

BS

V)
1.25
1.24
1.22
1.22
1.23
0.01
0.8%

EC
I
(HA)
5.00
5.71
5.23
531
531
0.26
4.8%

MNP Modified

DPA
SPE EZ Iy

V) (WA

1 0.66  4.83
2 0.74 5.14
3 0.67  5.28
4 0.71 5.34
Average | 0.70 5.15
StDev 0.03 0.20
RSD 4.6% 3.8%
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V)

1.27
1.35
1.25
1.31
1.29
0.04
2.9%

EC
I
(HA)
5.07
5.34
5.32
5.45
5.30
0.14
2.6%
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4.4.3.4 Analysis of Unburnt Propellent with SPE

To further explore the capabilities of the SPE pertaining to actual forensic samples, the
unburnt propellant samples were used to test the SPE with a more complex matrix. The
previously mentioned quantitative data with a GCE (Table 4.3) confirmed trace amounts
of EC in the unburnt propellant and the results in Figure 4.21 provided evidence of the

printed prototype’s ability to perform dual propellant stabiliser measurement.

3 r

-0.5 0 0.5 1 15 2
E /V vs. Ag|AgCl

Figure 4.21: Average DPV data (n=3) over the potential range of -0.5 to +2 V vs. Ag|AgCI with
additional parameters as per electrochemical procedures section, of a sample of unburnt
propellant at bare (solid) and MNP modified (dash) SPE (background subtracted).

Due to the lack of remaining FAR sample, an analogue sample was produced by
dissolving unburnt propellant and applying the solution to a textile and further using the
swobbing recovery procedure for generation of the samples. Qualitative measurement of
unburnt propellant recovered from a textile sample may be seen in the DPVs presented in
Figure 4.22 (background subtracted signals). A peak was observed at 0.244 V, which was
suppressed in the presence of MNP. This may relate to other propellant

breakdown/degradation products and requires further investigation.
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Figure 4.22: Average DPV data (n=3) over the potential range of -0.5 to +2 V vs. Ag|AgCI with
additional parameters as per electrochemical procedures section of a sample of unburnt
propellant recovered from a textile at bare (solid) and MNP modified (dash) SPE (both
background subtracted).

4.5 Conclusion

While confirmatory testing of the organic fraction of FAR is largely laboratory confined,
on-site testing/screening of this fraction can be facilitated using electroanalysis as a

timely, viable triage tool at crime scenes.

Testing and recovery of OFAR from a target cloth (from a single base shotgun shell),
together with unburnt propellant served to demonstrate robust operational performance
of the method with recovery of both stabilisers achieved. SEM and AFM surface analyses
verified the presence of the typical unburnt metal particles with the presence of Pb, Ba,
Sb confirmed by EDS. The work culminated in proof of principle studies at a custom
designed screen-printed electrode which achieved selectivity and reproducibility with
respect to OFAR recovered sample analysis with intra SPE variation (n=4) being highly
promising at % RSD = 3.9 and 4.8% for the bare electrode response and 3.8 and 2.6% for
the MNP modified electrodes. The prototype can be adapted to include an integrated
membrane/solvent for OFAR recovery from a surface with integrated electroanalysis with
possibility to extend to analysis of the inorganic metallic fraction of FAR through

stripping voltammetry. Our ongoing work on MNP in relation to metal analysis
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demonstrated very significant metal amplification signals (e.g. Pb) thought to be due to
co-ordination to surface hydroxide groups of the iron oxide particles. Further work would
be required to advance this aspect and establish optimal screening of both inorganic and
organic fractions of the FAR. Overall, the work has laid a solid foundation for OFAR
electrochemical sensing with an understanding of the redox behaviour of key propellant
components at carbon and MNP modified electrodes, with strong potential for

advancement of rapid on-site analysis.
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5.1 Chapter Aims

The overall goal of this chapter was to appreciate the electrochemical degradation of brass
under the conditions required for monomer deposition. This included an examination of

the most appropriate electrolyte, deposition conditions and monomer combinations.

5.2 Introduction

As mentioned in Chapter 1, the most common material used for the manufacture of
ammunition casings is brass. Brass is an alloy of mostly copper and zinc, along with other
trace elements depending on the application of material and the need for machinability or
thermal conductivity!. The use of brass alloy as an electrochemical transducer can
introduce a multitude of challenges that are not normally encountered with traditional
electrodes. Metals with low formal potentials, such as zinc, tend to exhibit high reactivity,
passivation, surface oxide formation and hydrogen evolution®. This high reactivity can
call the material’s stability into question. An electrode substrate containing such material
may suffer from degradation or corrosion, reducing performance over the course of the
electrochemical measurements in aqueous electrolytes. As a result, we understand that
brass is a challenging material electrochemically, however its use is a requirement in
relation to the forensic application proposed. The type of brass used by the ammunition

industry is known as cartridge brass, with typical composition shown in Table 5.1.

Table 5.1: Composition of common metals and averaged compositions found in cartridge brass.
34

Element Mass %
Cu 71.21
Zn 28.50
Fe 0.050
Pb 0.070

Other 0.17
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In countries with highly regulated firearms laws, material such as cartridge brass is
difficult to obtain. In Chapter 6, cartridge brass will be used for analysis, however, this
research was undertaken in a country in which acquisition of such materials is controlled.
While ammunition casings were obtained by donation from a military history collection,
they were classified as a limited sample type, meaning that the possible damage to the
samples upon exploratory testing should be avoided. As a result, an alternative type of
brass (a alloy CZ108/CW508L) was used for the majority of the analysis presented in this
chapter. This form of the alloy has a slightly lower copper and slightly higher zinc
composition, relative to the cartridge brass, at ~62 and 37% respectively. Brass in this
form would be most commonly available, being used for all manner of applications from

screws to locks, jewellery and instrument components>.

As a result of the higher percentage zinc composition in the brass plates used as
electrodes, the dezincification process becomes more significant. Dezincification is a
form of selective leaching or dealloying which is the selective removal of a particular
element from an alloy due to the occurrence of corrosion®. Copper-zinc alloys containing

more than 15% zinc are susceptible to dezincification’.
In this process, there are three possible mechanisms:

1. The most active component (Table 5.2) of the alloy (zinc) will selectively enter
into the surrounding solution, while the remaining material exists as a porous and
mechanically highly weakened mass®.

2. The entire alloy (copper and zinc) enters into solution after which the Cu?* ions
are expelled from the solution by zinc and the Cu®" ions then deposit as porous
copper®.

3. A combination of processes 1 and 2, in a multi-step mechanism.
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Table 5.2: Galvanic series of some example metals indicating nobility or activity’.

Cathodic (Nobel)

Platinum

Gold
Titanium
Silver
Copper
Brasses
Tin
Lead
Cadmium
Zinc
Magnesium

Anodic (Active)

Opinions differ on whether the mechanism is selective dissolution of the most active zinc
component or complete dissolution and redeposition of the copper component’. Primarily
dezincification is observed in the natural exposure from interactions between ion-

10,11

containing water (mostly chloride {CI'}) and brass ", aqueous electrochemical analysis

can easily speed up this process and has been used to try and understand the mechanism.

Pathway one as reported by Weisser states that the removal of zinc is selective, or at least
preferential, from the surface of brass in contact with any corrosive medium'?. In this
mechanism, zinc is believed to be preferentially attacked at active sites, progressing
deeper from the surface. While this mechanism does propose the loss of zinc only, it is
noted that this is only in theory and that in practice, some copper is unavoidably removed
together with zinc. For pathway two, Evans performed a study that indicated zinc atoms
need to be accompanied by copper atoms in order to easily leave the alloy'®. In micro-
areas of non-uniform zinc rich regions on the brass surface, copper remains in residual
amounts. These copper rich sites act as a cathode, turning the alloy into a galvanic cell
which further allows for the redeposition of copper from the solution to the surface.
Warraky'# further investigated the copper and zinc ratio by solution analysis, suggesting

a ratio more favourable to zinc than in the bulk alloy. This indicated the dissolution of
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both copper and zinc with the subsequent redeposition of copper. The final proposed

pathway for this process involves a combination of both pathway one and two.

In general, if following the second proposed mechanism, the corrosion of a-Brass in
neutral chloride solutions involves the cathodic reduction of oxygen on the electrode

surface according to the following steps'>:

0, + 2H,0 + 4e™ — 40H~ 5.1

For alloys containing zinc, a further passivation process occurs through the formation of

a zinc oxide film during the dezincification phase, as follows:

Zn+ H,0 - ZnO + 2H* + 2e~ 5.2

Subsequently, copper dissolves to form copper oxides (Cu20 and CuO):

2Cu+ H,0 - Cu,0 +2H* + 2e~ 5.3

When the surface is covered with ZnO, CuO, and Cu,0, CuCl can form according to the

reaction:

Cu* + Cl~ - CucCl 54

CuCl then undergoes further reaction:

CuCl+ Cl™ - CuCl, 55

Pchelnikov proposed a two-step mechanism using electrochemical techniques in a sodium
chloride rich medium, which involved a short period of preferential dissolution of zinc,
generating a copper rich surface and a subsequent simultaneous dissolution of both
metals'é. This was followed by a secondary preferential dissolution due to the
redeposition of copper which commenced when a threshold level of copper in the solution
had been reached. Broadly, as seen in Scheme 5.1, the entire dezincification process can
be classified as (A) preferential dissolution of zinc from the alloy and/or simultaneous
dissolution of both copper and zinc, resulting in the removal of material from the brass
surface and subsequently, a rougher surface. This is followed by (B) the redeposition of
copper from solution, while the zinc remains. The processes seem to be dictated by a

18,19

variety of criteria such as (C) surface oxide formation 7, temperature'®!°, solution ion

concentration'® and type of brass alloy used.
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Cu2+ Zn2+ Zn2+
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Scheme 5.1: Scheme showing a basic overview of the steps involved in the dezincification process.

Therefore, the experimental parameters selected in this work will minimise or exploit
such processes at the brass surface while facilitating the electro-deposition of

visualisation materials.

In Chapter 1, the underlying processes by which conducting and redox polymers are
deposited and behave electrochemically was discussed. Three compounds were selected,
3,4-ethylenedioxythiophene (EDOT), a conducting polymer, together with the phenazine
and phenothiazine species, Neutral Red (NR) and Thionine Acetate (Th) (Figure 5.1).
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Figure 5.1: Chemical structures of monomers of interest for deposition.

The polymerised form of EDOT (PEDOT) is a highly studied conducting polymer which

can be formed electrochemically on various substrates, such as Indium Tin Oxide (ITO)

20-22 23,24

and glassy carbon electrodes along with nontraditional electrochemical surfaces

such as hydrogels or stainless steel>>*® . Polymerisation can occur under a range of

experimental conditions*¢%’

and a generic schematic of the electrochemical
polymerisation process can be seen in Scheme 5.2. When sufficient potentials are applied
to the electrode substrate, EDOT monomers are rapidly oxidised by electron transfer. This
process leads them to combine and create dimeric cations, which are stabilised through a
deprotonation process. The dimer is further oxidised and forms a positively charged
cationic group®’. Through successive rounds of coupling and deprotonation, these cations
gradually form into a conjugated PEDOT chain?!. Concurrently, the counter anion (A’)

enters the conjugate chain as a dopant to achieve charge balance. Consequently, different
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modes of electrodeposition (e.g. constant potential, cyclic voltammetry, or current density
experiments) and parameters (such as different anions*?) may induce different
morphological results. PEDOT has been used in latent finger-mark visualisation in co-
polymeric films at stainless steel surfaces* and also as an individual polymer at a brass
ammunition casing surface, where Costa et al. developed a fast chronocoulometric
method which resulted in successful results with finger-marks on a brass substrate aged

up to 30 days, making it a strong choice for this work?®.

o [¢]
-e
—_—
Z/ \§ FA
S
EDOT
- PEDOT (Oxidation State) ~n
Where A represents the
counter anion within the o
electrolytic system ollo
ol ©
==
| Y
s -~
Offe

PEDOT (Reduction State)

Scheme 5.2: Initial oxidation of EDOT and possible polymeric forms of PEDOT obtained via
electrochemical means™.

Phenazine or phenothiazine dyes are related compounds, in that both families contain
fused aromatic ring structures with a nitrogen within the central ring and at least two
amine groups each attached to positions 3 and 7 of the outer ring. These amines can be
primary, secondary or tertiary, differing by the presence of either a second nitrogen or
sulphur within the central ring (Figure 5.2). In Scheme 4.3 a generic process for
dimerisation of these compounds is shown involving a deprotonated unit attaching

through the cationic amine group and undergoing a further deprotonation resulting in the
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dimer. This dimer would then undergo further deprotonation forming the repeating

structure as seen in Figure 5.2 causing repeating linkage through the amine group to the

R, N R,
=
II\
H,N [N'S] NH,
Figure 5.2: Generic structure of a phenazine and phenothiazine, where R groups (-H, -CHj etc.)
may or may not be present**.

SSHES SO
HoN [N,S] NH

fused ring backbone.

R, N R,
N
HoN IN;S] NH
+
H,N

: [N S] :
J@([N\SI] e
=
R R,

2

Scheme 5.3: Generic dimerisation of phenazine and phenothiazines™*.
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As mentioned previously, the two species of interest which fall under this category are
NR and Th. Deposition of the redox monomer NR has been explored for many

36 carbon dioxide

applications including DNA sensing?’, stabilisation of biosensors
reduction’” and pharmaceutical analyte sensing *>*. Electropolymerisation of NR has
been observed to be highly pH sensitive, with initial protonation varying greatly with the
pH of the solution. The polymerisation mechanism includes an initial radical formation
due to oxidation with subsequent dimerisation and tetramerisation to combine to form the
polymer through C-N coupling®®. Counter ions within the solution play a role in
stabilisation of the charge during doping and de-doping much like that observed with

PEDOT (Scheme 5.4).

HyC NH A H4C NS
\ _CHg N+,CH3
+ -
H,N NH \ H™ + 2e H,N NH \ A
CHj CHj
H* + 2e
H,C NH
H
[,.CHy
H,N NH N A
CHj

Scheme 5.4: Mechanism of doping and de-doping of neutral red monomer.

There is, to the best of our knowledge, only one report of electropolymerisation of NR in
relation to finger-mark visualisation on forensically relevant substrates, where Broncova
et al. developed a cyclic voltammetry method for the visualisation of latent finger-marks
on brass ammunition casings, resulting in level 2 features within the finger-mark being

visualised®*!.

Th and polythionine (pTh) modified electrodes have been used for quantitation of species
of interest such as heparin*? and uric acid*. Th films have been studied at a wide variety
of conditions and surfaces®>*** but thus far have not been used in the visualisation of

latent finger-marks. Th polymerisation follows a similar mechanism as NR with the initial
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radical cation formation and subsequent linkage through C-N coupling producing the
repeating unit as seen in Figure 5.3, with additional studies showing that a larger anion
(A") present during the electrochemical formation of films favours the production of these

cations, but overall decreases mobility and hinders uniform film formation*®.

N
N
n
HN s NH,
HN S NH -
| -
=
N

Figure 5.3: Structure of repeating unit of polythionine®’.

The use of these three species individually and more specifically in combination, to
develop latent finger-marks on a brass surface will enhance the body of work currently in
the literature of latent finger-mark development on brass surfaces, realising a novel

approach to this challenge.

5.3 Experimental

5.3.1 Materials and Reagents
Brass (CZ108/CW508L) sheets were obtained from Farnell Ltd. UK in 100 x 250 mm

sized sheets. Sodium nitrate was purchased from VWR chemicals. Thionine Acetate
(>85%) and Neutral Red (>90%) were purchased from ThermoScientific while 3,4-
ethylenedioxythiophene (EDOT) (95%) was purchased from Flurochem. All compounds
were used without further purification. Sulfuric acid (96% pure solution in water) and 5
M hydrochloric acid solution were obtained from Acro Organics. Ethanol (anhydrous >
99.5%) was obtained from Sigma-Aldrich and all deionised water was obtained from the
lab Millipore Milli-Q water system with a Progard® TS2 filter attached. 1 uM diamond

suspension purchased from ThermoScientific. Brasso® was purchased from a local store.
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5.3.2 Instrumentation and software

All electrochemical experiments were carried out using a Solartron Potentiostat Model
1285 operated by Scribner Associates Corrware software package with data analysis
using CorrView Version 2.3a and a CHI Electrochemical workstation model (660E)
operated by CHI software (version 19.10) with Microsoft excel 365 software package and
Origin Pro2023b for data analysis. A platinum mesh (square area 1.32 cm?) was used for
the counter electrode and a standard Ag| AgCl electrode (internal solution 3 M KCl) was
employed as the reference electrode. The Ag| AgCl reference electrode was stored in 3 M
KC1 when not in use. A HUAWEI P20 lite mobile phone, running EMUI version 9.1.0 in
addition with a LED desk lamp were used for photography. Ultra-violet - visible (UV-vis)
spectrophotometric analysis was performed with a USB-650UV Spectrometer attached to
a DH-2000-S-DUV-TTL lamp via a QR4000-7-SR-BX reflection probe from Ocean
Insight controlled via OceanView software version 2.0.12. Infra-Red spectrophotometric
analysis was performed with a Thermo Scientific Nicolet iS50 Spectrophotometer with
an ATR attachment controlled via OMNIC 9 software version 9.9.471. X-Ray
Photoelectron spectroscopy was performed with a Kratos AXIS 165 instrument at the

Bernal institute within the University of Limerick.

5.3.3 Procedures

5.3.3.1 Brass Preparation and Cleaning

Brass strips of size 2.5 x 7 cm were cut from the larger sheet with the use of metal shears.
An exposed working area of 2.5 x 2.5 ¢cm (6.25 cm?) was formed on one side of the sheet
with the use of insulating tape (Figure 5.4). The brass sheets were replenished with
polishing. The polishing method involved removal of the tape from the strip and a small
amount of Brasso® (isopropyl alcohol 3-5%, ammonia 5-10%, silica powder 15-20%
and oxalic acid 0-3%) was applied to a rough cloth. This was used as the initial abrasive,
removing the most loosely bound material. The sheet was then brought to a lustre finish
with 1 um diamond suspension and a polishing pad. The strips were rinsed with deionised
water and sonicated in a beaker of ethanol for 10 minutes to ensure all adsorbed residual
material on the surface was removed. The brass strips were finally dried via compressed

air and, once the area was defined with tape again, were ready for use.
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Insulating Tape

Working area

2.5cm

Figure 5.4: Diagram of brass strip with working area sectioned via insulating tape prior to
electrochemical use.

5.3.3.2 Glassy Carbon Electrode Preparation and Cleaning

After each use, glassy carbon electrodes (GCE) were cleaned with 1 pm diamond
suspension and a micro-cloth polishing pad. The polished surface was then rinsed with a
strong jet of deionised water, followed by ethanol to ensure that no polishing material

remained on the surface. The electrode was then dried via a jet of compressed air.

5.3.3.3 Indium Tin Oxide (ITO) Preparation and Cleaning

Prior to each use indium tin oxide (ITO) electrodes were gently wiped clean with a piece
of lint free tissue in three steps, dampened with deionised water, ethanol and finally
acetone. The electrode was further sonicated in ethanol for 10 minutes and dried via a jet
of compressed air. The working area was defined via insulating tape to give an area of

6.25 cm?.

5.3.3.4 Preparation of Monomer Solutions

To ensure homogeneous solutions of the monomers, once the correct amount of
compound was measured out [see Table 5.3 for concentrations used] it was transferred to
the flask with the minimal volume of solvent. Sufficient solvent was added to the flask to
approximately fill a quarter of the total volume. This was then sonicated for 10 minutes,
placed in the fridge for 5 minutes and then sonicated for an additional 10 minutes. The

solution was then brought up to the mark of the vessel and was allowed to stir for 30
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minutes. The solutions were stored in the fridge at 4 °C and stirred at room temperature

for 5 minutes before use.

Table 5.3: Combinations of EDOT monomer, thionine acetate and neutral red employed.

Monomer — EDOT* Thionine Acetate Neutral Red
Solution | (2 mM) (1 mM) (1 mM)

1 X / /
2 X

3 X
4 X X
5 X X

6 X X

* EDOT was initially used at a concentration of 10 mM when in the solution of 0.1 M H>SO4, however, due

to solubility issues with subsequent electrolytes, this concentration was reduced to 2 mM.

5.3.3.5 Electrochemical Methods

Over the course of this chapter cyclic voltammetry and chronoamperometry were
implemented as the principal electroanalytical techniques. In all instances, the reference
electrode was a 3 M KCl Ag | AgCl and the counter electrode was a platinum gauze (~

1.32 cm? in total area only, not taking increased area of mesh into account).

5.3.3.6 X-Ray Photoelectron Spectroscopy

Samples were sent to the Bernal Institute within University of Limerick for analysis
carried out by Dr Fattima Laffir. Two samples (Figure 5.5) were prepared via cyclic
voltammetry across the range of -0.2 to 0.5 V at 50 mV.s™! for 3 cycles. Sections of the
brass surface were protected with insulating tape prior to electrochemical analysis, to

allow for an accurate representation of how the procedure altered the brass surface.
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Untreated brass

8 mm

Figure 5.5: Diagram of brass samples for XPS analysis.

5.3.3.7 Ultraviolet / Visible Spectroscopy

The lamp was allowed to heat up at least 30 minutes prior to use. The instrument was
blanked with a dried surface of interest (e.g. ITO/GCE/Brass) which was cycled in the
electrolyte only, using the same parameters used for the film formations. Film samples
were gently dried with a jet of compressed air, post formation, and placed on a level
surface. The reflectance probe was lowered as close to the surface as possible without
making contact. The room was darkened as much as possible to minimise diffuse
extraneous environmental light, which may enter the probe. To ensure an accurate
measurement, the readings were taken at three different locations at the surface with an
average of 4 scans at each location. While the wavelength range of the instrument was
200 to 800 nm, due to noise visible within the raw data, the observed range within the
analysis was reduced to 220 to 650 nm. Data was analysed and 2™ derivative was

calculated within OriginPro2023.

5.3.3.8 Attenuated Total Reflection Infrared Spectroscopy

The diamond surface was cleaned with methanol-dampened lint free tissue and allowed
to dry for 5 minutes prior to use. The instrument was blanked to the environmental
conditions of the room and background data of the clean surface of interest was obtained
for manual background subtraction within OriginPro2023. Sample data was obtained with

an average of 16 scans, as, in general, films appeared thin.
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5.3.3.9 Application of a Groomed Print onto a Surface

The donor’s hands were initially washed with soap and warm water. The finger, which
was intended to provide the finger-mark, was rubbed across sebaceous oil rich areas
(forehead, down the side of the nose and behind the ear). This finger was then rubbed two
to three times on the forearm, to remove any excess oils or skin cells which may have
become trapped between the ridges, to lessen the likelihood of smudges or errors on the

ridges. The finger was then gently placed on the surface of interest for one to two seconds.

5.3.3.10 Scoring of a Visualised Finger-mark

As mentioned in Chapter 1, finger-marks quality can be quantified via the use of grades
and level features. Due to the manual application of the finger-marks, the use of grades
as a scoring metric was not useful, as intentionally applied marks without external
degradation factors, (heat, time etc.) would be of grade 3 or 4 (highest scores). Therefore,
the scoring metric for the visualisation in this section was limited only to the levels of
details with level 3 being the highest score. A digitised image of the print employed for

all analysis presented is shown in Figure 5.6 with common features shown.

Lake |- Bifurcation

Island -

| Delta

Core

Figure 5.6: Digitised finger-mark of finger used in analysis with common features labelled.
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5.4 Results and Discussion

5.4.1 Electrochemical Investigation of Brass Substrate

5.4.1.1 3.4-ethylenedioxythiophene Deposition on Brass in Sulfuric Acid

Sulfuric acid (H2SO4) has classically been used as an etching agent for brass ornamental
pieces or circuitry design*®. To our knowledge, the work of Costa et al. is the only
published report of successful deposition of PEDOT onto a brass surface®® for the specific
goal of latent finger-mark visualisation. However, the deposition of PEDOT with the use
of H2SO4 onto a metallic surface (stainless steel) for the use in latent finger-mark

d*** with level 2 details observed. The process of monomer

visualisation has been reporte
deposition for visualisation on the surface relies on the finger-mark acting as a protective
layer or stencil in the presence of the aggressive ions of strong acids, SO4* and NOs",
given that classically, stencils are used to etch ornamental designs into brass. In Scheme
5.5 the initial application process is shown (Scheme 5.5 (A)), the resulting latent finger-
mark can be seen to have stencil-like properties with the ridge detail being transferred to
the surface by means of natural sebaceous oils. These sebaceous oils protect the brass
surface from the incoming deposition material, allowing the material to be deposited in
the negative space of the finger-mark (valleys) (Scheme 5.5 (B)). Subsequently this
means that the visualised finger-mark is a negative of the original fingerprint, i.e. areas

containing colour pertaining to the material were not in contact with the finger during

deposition.
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‘Wash Hands Coat Donor Apply Latent Latent Finger-mark
Finger in Finger-mark on Brass Surface
Sebaceous Oils

B

Electrochemical

Side View Side View

Front View Front View

Scheme 5.5: A) Application of a latent finger-mark on a brass surface and B) basic view of
electrochemically deposited material onto the surface of brass using the latent finger-mark as a
stencil.

Initial exploration into the behaviour of brass in 0.1 M H>SO4 was performed via cyclic
voltammetry (Figure 5.7). A starting potential of -0.60 V was employed with an anodic
sweep, resulting in evident passivity until Ejf = 0.20 V, past which apparent breakdown
of the material was observed. Comparing to a Pourbaix diagram of zinc in a room
temperature aqueous system (Figure 5.8)° , the experimental conditions indicate the
formation of Zn?". This suggests a loss of zinc, via oxidation, from the bulk alloy is highly
likely to contribute to the strong increase in current, until the maximum of 1.1 V is

reached.

Zn — Zn?** + 2e~[> -1V vs.Ag|AgCl @ pH 0.7] 5.6

Within the return sweep of cycle one, a crossover event was evident at 0.11 V (Figure 5.7
inset) with other crossovers at approximately 0.35 V in all three cycles. An observed
crossover in cyclic voltammetry is due to a subsequent electrodeposition at the surface,
in this case possibly due to copper oxide (CuO), which could be further reduced back to
Cu - the response observed with Ej -0.2 V. Observationally, some blue material was
produced over the course of the experiment, which could indicate the presence of copper
sulphate (CuSOs4). A possible set of chemical equations (Equation 5.X to 5.X) of the

mechanism are given below®':
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2Cu + 20H™ = Cuy0 + H,0 + 2e”
Cu+nOH™ — Cu(OH),*™ ™ + 2e™

Cu,0 + H,0 + (2n — 2)OH™ - 2Cu(0OH),,> ™ + 2e™

Cu(OH),*™ - Cu(0OH), + (n — 2)OH™ (T < 40 °C)

2Cu(0OH),,*™ — Cu0 + (n—2)0OH™ 4+ H,0 (T > 40° C,energy)

Cu0 + H,S0, - CuSO, + H,0

I/A

0.6
0.4
0.2

E /V vs. Ag|AgCI

0.2
04 b

-0.1 0.1 0.3 //

-0.6 -0.1 0.4
E /V vs. AglAgCl

Conducting and Redox Polymers

5.7
5.8

5.9

5.10

5.11
5.12

Figure 5.7: Cyclic voltammogram over the potential range -0.6 to +1 V vs. Ag|AgClI for a brass
sheet in 0.1 M H>SOy4 at 100 mV.s™ for 3 cycles (Cycle 1: black, Cycle 2: red and Cycle 3: blue).

Inset: showing crossover in cycle 1 at 0.11 V (typical trace).
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Figure 5.8: Pourbaix diagram of zinc in an aqueous system at 25 °C *.

Groomed finger-marks were applied to the brass surface and the potential cycling method
was repeated. The visualisation of the finger-mark was successful (Figure 5.9) clearly

identified as loop (level 1 feature) and level 2 features visible with the naked eye.

2.5 cm

2.5 cm

Figure 5.9: Photograph of sebaceous finger-mark on a brass sheet visualised via cyclic
voltammetry over the potential range of -0.6 to +1 V vs. Ag|AgCl for 3 cycles at 100 mV.s™ in 0.1
M H>SOq4 with B) high contrast black and white.
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The process, however, resulted in gaseous activity at the counter electrode at Ef > 0.3 V
vs. Ag|AgCl. This vigorous reaction may result in altered pH during scanning and the
production of bubbles which may adhere to the substrate, thus interfering with the
process. As a result, constant potential coulometry was employed. The applied potentials
of -0.5,-0.1, 0.3, 0.5 and 1.1 V (Figure 5.10) were selected from the cyclic voltammetry

range previously employed. In all cases, the potential was applied for 60 seconds.

The use of chronoamperometry gave interesting insights into how the brass behaves. The
most anodic potential (1.1 V) resulted in a dark brown colouration on the brass while the
solution turned blue, to a greater extent than observed in the cyclic method, indicating,
again, the production of soluble CuSOj4 in solution. The current density vs. time plot at
this potential (Figure 5.10 (A)) resulted in relatively more noise in comparison to the
other anodic potentials, Eapp = 0.5 and 0.3 V. This was attributed to the higher levels of
activity. The applied potentials of 0.5 and 0.3 V resulted in smoother traces, and, upon
application of 0.5 V, a pink colour was observed at the brass surface, while a dull
yellow/grey was obtained at the 0.3 V. In all the above experiments, the surface of the
brass became pitted and roughened due to the corrosion process. When compared to a
Pourbaix diagram for copper (Figure 5.11)> in a solution of concentrated sulfuric acid at
ambient temperature, the selected experimental anodic potentials are firmly placed within
the corrosion region and increase the likelihood of generation of CuSO4. However, with
the less anodic potentials of 0.5 and 0.3 'V, the blue hue of the solution was less apparent.
This may indicate some incomplete reaction as Cu0O is formed within the steps and the

pink colour could be attributed to this.

When the voltage was held at the cathodic potentials of -0.1 and -0.5 V, there were no

visible effects at either the brass surface or the CE.
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Figure 5.10: Chronoamperometry of brass sheets in 0.1 M H>SO4 showing E.p, = A) +1.1 V
(black), +0.5 V (red) and +0.3 V (blue) and B) -0.5 V (black) and -0.1 V (red). Inset: zoomed in
plot of -0.1 V.
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Figure 5.11: Pourbaix diagram of copper in a SO/ rich environment> with the horizontal red

lines indicating the potentials held (corrected for conversion to SHE) with vertical line
representing pH of solution employed in this work.

An applied potential of 0.1 V was selected for further analysis. The effect of the applied
potential as shown in Figure 5.12 resulted in no gaseous release at the CE, however, a
faint line where the solution met the air was observed on the surface of the brass (inset
Figure 5.12). This was an apparent etch of the surface as it was not removable by wiping.
Using the same strip of brass without employing the cleaning method, the experiment was
repeated for a longer period of 5 minutes. Following this period, no gaseous release was
observed at the counter electrode and, when removed, a new line indicating the solution
height was visible on the brass strip. There was no notable colour difference at the brass
surface, however, the surface did slightly loose the lustre associated with an unused brass
strip. The time periods employed did result in some variation within the
chronoamperorgrams. Upon application of 0.1 V for #= 1.0 min, a starting current density
of 1.80 mA.cm™ and a final value of 0.29 mA.cm™ were obtained at the one-minute mark.
In the case of Eapp = 0.1 V for # = 5.0 min, an initial current density of 1.0 mA.cm?, was
observed, decreasing to 0.25 mA.cm? at the /=1.0 min mark and finishing with 0.61
mA.cm™ at 5.0 minutes. This slight variation in the current densities could be associated
with the observed loss in lustre at the brass surface. While the parameters are not within
range of any observed zinc passivation from Pourbaix diagrams, the loss of material was

most likely across the entire brass surface which was submerged. This loss from the initial
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one-minute-long experiment could have slightly altered the surface, decreasing the

current density which was observed in the subsequent run.

2
18

16 || Untreated brass
14

Brass after 1 minute

E 0.8 | 17— Brass after 5 minutes

t/s

Figure 5.12: Chronoamperometry of a brass sheet in 0.1 M H>SOy4 at Eqpp= 0.1V for 60 s (black)
and 300 s(red). Inset: representation of solution lines on a strip of brass post analysis in 0.1 M
H>S0,.

To exploit the possible corrosion process, while paving the way for improved finger-mark
visualisation with the aid of phenothiazine monomers, a “low and slow”
chronoamperometric method was proposed. Figure 5.13 (A) shows the
chronoamperometry trace for Euxpp = 0.1 V and 0.2 V at ¢ = 300 seconds. During the
experiment, at 0.1 V, small quantities of gas were intermittently produced at the CE.
Initially, the change in current density could be due to the increased activity of the material
due to the activation process which was observed. Concurrently, 0.2 V was observed to
be the potential at which onset initially occurred. The corrosion onset of the brass does
include the oxidation of at least zinc within the bulk alloy releasing 2 electrons per zinc
atom, resulting in increased current flow. Figure 5.13 (B) shows the corresponding
finger-mark for the experiment involving Eapp = 0.2 V, being lightly etched onto the
surface of the brass with very little colour change of the surrounding surface. The surface
was gently wiped with an ethanol-dampened lint free tissue to ensure that the visible print
was, in-fact, etched into the surface and not just remaining sebaceous oil material from

the initial contact. This did not change the quality of the visualised finger-mark. When
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the potential was increased to 0.2 V for a new brass surface and finger-mark, the gas
evolution was much more uniform and controlled. In this case, there was a much more
obvious change in the surface colour as the brass changed to a grey/brown colour after
the experiment. The finger-mark was lightly etched onto the surface with the loosely
bound brown material being easily removed with a gentle wipe as before. The surface
appeared to be duller relative to that produced upon application of 0.1 V. The quality of
the finger-marks was low, and while overall shape was visible (level 1) no discernible

level 2 features were observed, under these conditions.
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Figure 5.13: A) Chronoamperometry of a brass sheet with a latent print of Eqyp, = +0.1 V (black)
and Eqp = +0.2 V (ved) for 300 s in 0.1 M H>SO4 and corresponding photograph of visualised
finger-marks via Eq,p, = +0.2 Vin B) full colour and C) high contrast black and white.

Based upon these investigations using 0.1 M H2SO4, the inclusion of EDOT monomer in

this electrolyte followed. Figure 5.14 (A) shows the same current-time profile methods
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of applied potential experiments (0.1 V & 0.2 V for 5 minutes). The clear difference in

current density was still observed with the use of this solution under the same conditions.

The surface of the brass did develop a mild dull grey colouration as well as a dark
coloured (navy) vertical streak pattern, seemingly more concentrated to the side closest
to the counter electrode. This facilitated a slight visualisation of the finger-mark which,
was deposited onto the surface prior to the experiment. When the potential was increased
to 0.2 V, a much more steady and visible bubbling was observed from the CE, reflecting
an overall deeper colouration visible on the brass surface. Development of the print was
visible during the process and a slight blue colour was observed in the solution after the
experiment was complete. Upon replication of the methods, without altering the solution,
the blue colour became much more prominent reflecting the collective release of CuSO4
or, perhaps, desorbed PEDOT. Finger-marks visualised in previously used solution
provided much lower quality (nearly non-visible) results. The surface of the brass
developed a mud/clay pink colour, which appeared “thicker” in some arecas. When
visualisation was repeated with a fresh solution, the finger-marks’ appearance following
the experiment was much darker, leading to the assumption that the quantity of monomer
consumed during the deposition process, or the release of secondary material into the
solution, was significant enough to warrant a fresh solution each time. Regardless of this
effect, finger-mark visualisation, as shown in Figure 5.14 (B), using this EDOT-sulfuric
acid approach was poor relative to sulfuric acid alone (see Figure 5.10 (B)) with not even

level 1 features observed.
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Figure 5.14: A) Chronoamperometry of a brass sheet of E.p, = +0.1 V (black) and Eqpp = +0.2V
(red) for 300 s in 0.01 M EDOT with 0.1 M H>SOy and corresponding photograph of visualised
finger-marks via Eq,p = +0.2 Vin B) full colour and C) high contrast black and white.

In order to improve upon the potentiostatic approach, the next steps involved potential
sweeping over the range -0.2 to 0.5 V. Figure 5.15 shows the cyclic voltammograms of
brass sheets in 0.1 M H2SO4 (A) and 0.1 M H>SO4 with 0.01 M EDOT (B). Gas evolution
at the CE was evident in the anodic region and increased with increasing potential as
expected. The voltammograms retained the characteristic shape of that in Figure 5.7 with
less noise evident with the second crossover observed at 0.25 V for the H2SO4 and 0.33
V for the EDOT in cycle 1, and not observed in the subsequent cycles, for both solutions.
The current density was also quite comparable in each case, indicating that much of the
activity observed by the electrochemical measurements was, in fact, due to the brass
activity. The brass surface did exhibit a pale pink colour, as observed previously, when

held at 0.5 V, again, indicating the presence of some material at the surface, possibly from
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the expected dezincification process. When wiped with an ethanol-dampened lint free
tissue, the surface was mostly unaffected other than some unevenly distributed dark spots

which were removed.
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Figure 5.15: Cyclic voltammogram over the potential range of -0.2 to +0.5 V vs. Ag|AgCl for 3
cycles at 100 mV.s™ for a brass sheet in A) 0.1 M H:SO, and B) 0.01 M EDOT with 0.1 M H>SO..

Finger-mark visualisation (Figure 5.16) was partly visible during cycling and produced
visible finger-marks of the highest quality in comparison to previous methods, with level
1 and 2 features easily visible to the naked eye for both solutions. The addition of EDOT
appeared to display a much higher contrast between the visualised finger-mark and the
brass surface compared to electrolyte only. This led to much more defined ridges and an
overall more easily discernible finger-mark, strengthening the reasoning for including
such monomers. Additionally, during the cleaning process (Section 5.3.3.1), the finger-
mark remained etched on the surface indicating that this method may preserve the finger-
marks as well as visualising them, allowing for a more thorough forensic examination
and retention of the evidence. This indicates that while the process may etch and degrade
the brass surface, this method may also preserve finger-mark evidence after the initial

visualisation.
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Figure 5.16: Photographs of finger-marks on brass visualised via cyclic voltammetry over the
potential range of -0.2 to +0.5 V vs. Ag|AgCl for 3 cycles at 100 mV.s” showing A) the full colour
image and B) the high contrast counterpart of a finger-mark visualised in 0.1 M H,SO,4 and C) a
full colour and D) the high contrast counterpart visualised in 0.01 M EDOT in 0.1 M H>SO.

Overall, investigations into the use of H2SO4, with and without EDOT, resulted in level 2
features with characteristic ridge patterns of the donor being evident. However, the
process introduced gas evolution at the CE (most likely H>) which can interfere with the
visualisation quality of the working electrode and the colouration resulted in dull ridge
details due to the use of sulfuric acid. Accordingly, our attention turned to the use of
sodium nitrate (NaNQO3), in place of H2SO4, which has been reported previously for

similar samples in combination with neutral red (NR)3-4

The combination of aggressive nitrate (NO5 ™) ion, with deposition of redox and optically
active phenazine and phenothiazine monomers (thionine & neutral red), was pursued in
order to realise further opportunities to exploit both corrosion and deposition processes,

each of which may contribute to high contrast finger-mark enhancement.
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5.4.1.2 3.4-ethylenedioxythiophene Deposition in Sodium Nitrate

As mentioned above Bracova et al. reported successful visualisation of latent finger-
marks on a brass substrate with sodium nitrate as electrolyte®>>*. While a potential range
of -0.3 to 0.6 V was implemented, based on previous analysis, this range was reduced to
match the parameters which were deemed successful with the H2SOj4 studies, with Figure
5.17 showing the cyclic voltammogram of a brass sheet in 0.1 M NaNO3, Starting at -0.2
V the potential was swept anodically with passivity evident until 0.19 V, following which,
like that observed in the H2SOa4, dissolution or breakdown of the material occurred with
increasing the current density until the maximum potential of 0.5 V was reached. On the
reverse sweep, while an increased anodic current was observed which resulted in a

crossover at Ej 0.071 V, characteristic of passivity breakdown, this was the only

observable crossover, unlike H>SO4 which displayed two crossover events. Reduction of
the oxide layer at Ej; = -0.05 V, became more difficult in subsequent cycles decreasing to
a potential of Ey = -0.1 V in cycles 2 and 3 with an increase in current density of 2.5
mA.cm. Behaviour of the brass sheet in this electrolyte was indicative of the activity
relative to the studies performed in H2SO4. Overall, behaviour in NaNO3 resulted in less
vigorous gaseous release at the CE, under the experimental conditions used, while

retaining the desirable colour change apparent following potential sweeping.
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Figure 5.17: Cyclic voltammogram of a brass sheet over the potential range of -0.2 to +0.5 V' vs.
AglAgCl for 3 cycles (Cycle 1: black, Cycle 2: red and Cycle 3: blue) at 50 mV.s™ in 0.1 M NaNO:.
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Subsequent finger-mark deposition and visualisation (Figure 5.18 (A)) resulted in the
clearest contrast thus far, encouraging the continued use of NaNOs;. An even surface
colour was evident, and preliminary testing with latent finger-marks indicated a
reproducible visualisation method with all the finger-marks containing level 2 features
and two of the marks exhibiting excellent contrast between the ridges and valleys of the
finger-mark. When observed individually the finger-mark visualised in 0.1 M NaNO3
under these conditions (Figure 5.18 (B)) showed the presence of pores along the ridges

which are level 3 features and among the highest scoring details to be visualised®>.

Figure 5.18: Photographs of A) finger-marks on brass visualised via cyclic voltammetry over the
potential range of -0.2 to +0.5 V at 50 mV.s™ for three cycles in 0.1 M NaNOs with high contrast
images underneath and B) level 3 features indicated by arrows on zoomed in region of one of the
previously visualised finger-marks.
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Upon repeated use of the solution, a blue hue was observed, indicative of a copper salt
formation in line with that observed with the use of H>SO4. Pourbaix diagrams of copper
within aqueous conditions (Figure 5.19) suggest generation of copper hydroxide
(Cu(OH)2) under these experimental conditions. A possible copper salt which is formed
in the cell is Copper (Il) nitrate, which is blue in colour and highly soluble in water and

may be formed through the below process:
2NaNO3; + Cu(OH), —» 2NaOH + Cu(NO5), 5.13

Further evidence which strengthens the likelihood of this reaction is the change in pH of
the solution post cyclic voltammetry. Initially the pH of the 0.1 M NaNO3 solution was
observed to be a pH of 5.01, however, when measured post analysis, this pH increased to
6.5. The alkaline shift may reflect the production of sodium hydroxide (NaOH) due to the
above reaction (Equation 5.13) suggesting that the potential range and pH employed was

within both protection and passivation zones for copper.
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Figure 5.19: Pourbaix diagram of copper in an aqueous environment with the red intersecting
lines showing the maximum and minimum of the potential ranges with the experimental
parameters (corrected for conversion to SHE).
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Having established possible brass behaviour in 0.1 M NaNOs, cyclic voltammetry was
employed with the addition of 2 mM EDOT into the solution. The produced
voltammogram (Figure 5.20) was of a similar shape to that obtained in the electrolyte
alone (Figure 5.17), with passivation occurring on the initial anodic sweep from -0.2 to
0.19 V and a steady increase in current density until the maximum of 0.5 V was reached.
A cross over was once again observed at 0.070 V which increased to 0.13 V in subsequent
cycles. The similarities between both voltammograms suggests that electrochemical
measurements (at least cyclic voltammetry) were not a discernible technique for
comparing the electrochemistry of the EDOT monomer with this brass alloy as the

working electrode.
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Figure 5.20: Cyclic voltammogram of a brass strip over the potential range -0.2 to +0.5 V vs.
Ag|AgCl showing three cycles at 50 mV.s™ in a solution of 2 mM EDOT in 0.1 M NaNO:.

The visualised finger-marks that were produced from this method (Figure 5.21) contained
level 2 features which were visible to the naked eye, with an indication of level 3 features
(Figure 5.21 (C)) when zoomed into the image. The valleys between the ridges
(approximately 300 um in diameter) appeared to be narrower than those observed in 0.1
M NaNQO3, and this may lead to a loss in definition in a more complex finger-mark sample.
However, given that level 3 features were present this visualisation method was deemed

to be successful.
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Figure 5.21: Photographs of A) finger-marks visualised with 2 mM EDOT in 0.1 M NaNO; with
B) high contrast photographs C) zoomed in image of core of visualised finger-mark showing level
3 features (pores).

In comparing electrolytes thus far, H2SO4 resulted in the highest visualisation of level 2
features while an average level of 1.7 (n = 15 finger-marks, with nine instances of level
2 visualisation and a single instance of failed visualisation, grade 0) across all
electrochemical methods, while NaNOs generated the highest visualisation of level 3
features with an average level feature of 2.2 (n = 20 finger-marks with six instances of
level 3 visualisation and three instances of level 1 with no failed visualisations).
Therefore, NaNOs3 alone appeared to be more suited to an electrochemical visualisation
process for latent finger-marks on a brass surface and can be successfully used in

conjunction with a monomer of interest for deposition. It was the obvious choice to
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proceed with this electrolyte for further optimisation. Overall, possible corrosion of brass
in the areas defined by the fingerprint was exploited for visualisation, which was further
improved with the presence of EDOT, and subsequent XPS investigations were employed

to examine this further.

5.4.2 X-ray Photoelectron Spectroscopy of a Brass Surface

XPS was performed on two samples of brass, with sample one being untreated brass
which was protected by insulating tape and sample two being brass which was cycled in
0.1 M NaNOs as shown in Figure 5.22. This tape protection, allowed for the sample to
be from the exact same piece of brass and mitigated any deviations of surface composition
which may be observed across the entire sheet of brass. Table 5.4 shows an overview of
the signals found within untreated brass across the full survey, with the presence of copper
(Cu) and zinc (Zn). Additionally, this gives an indication as to the other metals which are
contained within the alloy. The presence of tin (Sn), iron (Fe) and lead (Pb) all fall in line

with additional metals found in brass in literature'.

Table 5.4: Binding energies and species found in full XPS survey data (untreated brass).

Binding Energy Identity Binding Energy Identity
(eV) (eV)
9.74 Zn 3d 310.00 Rh 3d 5/2
24.49 Sn 4d 713.44 Fe2p3/2
75.42 Cu3p 718.80 Fe2p3/2
88.82 Zn3p 3/2 931.92 Cu2p3/2
122.33 Cu 3s 952.03 Cu2p1/2
Cu20 1021.73 Zn 2p 3/2
138.47 Pb 4£7/2 1044.51 Zn2p 1/2
284.52 Cls

In order to further understand the processes which were taking place at the surface during
visualisation, the elemental regions of Cu, Zn and O were provided with a more in-depth
XPS scan. Starting with the copper region, a clear difference in peak area was observed

in Figure 5.22 (A), indicating a larger concentration of copper at the surface of the treated
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brass, strengthening the view that the dezincification process was playing a role in the
surface change. When comparing the forms of existing copper (Figure 5.22 (B & C)) the
red trace was associated with Cu® in a 2ps state which saw an increase from 1.3 % to
9.8% composition of the surface, while the red, blue trace was associated with Cu?* within
CuO and, this too resulted in an increase from 0.8 % to 4 % composition. The increase of
both elemental copper and the oxide suggested the redeposition of the metal and oxidation

of some material during the experiment.
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Figure 5.22: XPS spectra of brass showing A) full copper area scan of untreated (black) and
treated in 0.1 M NaNOj over the potential range -0.2 to +0.5 V vs. Ag|AgCl for three cycles at
100 mV.s™ (red) samples with B) untreated and C) treated brass.
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When observing the zinc persistence (Figure 4.23 (A)), the relative peak areas suggest a
drop in the zinc concentration at the surface. There was relatively no change in how the
zinc was bound within the surface matrix and it appeared that there was no redeposition
or additional surface activity with zinc, other than its removal. In terms of oxygen Figure
4.23 (B & C)) the most drastic difference was the oxygen from oxide, which increased
from 3.1 % to 11.3% composition at the surface, matching with the trend observed with

the increase of the copper oxide post analysis.
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Figure 5.23: XPS data of brass sheets showing the A) zinc region with untreated (black) and
treated (ved) brass B) the oxygen region of untreated brass and C) the oxygen region of treated
brass.
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Overall, the general trend as seen in Table 5.6 suggests a significant decrease in zinc
composition with an increase in both copper and oxygen composition at the surface. This
links back to the dezincification effect and the colour change observed at the surface post

analysis with the use of 0.1 M NaNOs3 only.

Table 5.5: Averaged total percentage of elements at the surfaces of brass samples

O1s Cls N 1s Cu2p Zn 2P
Untreated Brass 25.9 69.7 0.9 2.2 1.3
NaNOs Cycled Brass 28.4 63.7 1 6.2 0.8

*Brass was cycled in 0.1 M NaNOj over the potential range of -0.2 to 0.5 V at 100 mV.s™, untreated brass
was within the same solution, however, protected from the solution via insulation tape.

Following these electrochemical and surface (XPS) insights, the work progressed with
phenazine and phenothiazine combinations with the goal to further enhance finger-mark

visualisation including high level features via electrodeposition.

5.4.3 Electrochemical and Optical Investigations of Phenazine,
Phenothiazine and EDOT Deposition.

Studies on brass electrochemistry and polymer (EDOT) deposition thus far concluded the

most appropriate electrochemical conditions for use in NaNOs3 and indicated promising
data in the presence of EDOT. Introduction of a phenazine and phenothiazine, such as
neutral red (NR) and thionine acetate (Th) respectively in the proposed combinations
below (Table 4.7) followed, with electrochemical studies initially focusing on glassy
carbon electrodes (GCE) and indium tin oxide (ITO) electrodes prior to an

electrochemical examination at brass for finger-mark visualisation experiments.
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Table 5.6: Reagent combinations employed for electrodeposition experiments using conducting
and redox polymers.

Solution EDOT Thionine Acetate (Th) Neutral Red (NR)
(2 mM) (1 mM) (1 mM)

1 X

2 X

3 X

4 X X

5 X X

6 X X

5.4.3.1 Characterisation of Phenazine, Phenothiazine and EDOT Combinations in NaNO3

at a Glassy Carbon Electrode

Initial testing at a GCE involved a potential sweep method for film growth at the surface
of the electrode. The potential range for this experiment set was found to be most
successful at -0.8 to 1.2 V. Figure 5.24 (A) shows electro-polymerisation of PEDOT from
a2 mM EDOT solution in 0.1 M NaNO3. An initial oxidation of 1.23 V and 10.26 mA.cm’
2 (I) was observed which was not present in subsequent cycles 1 — 5, being in line with
the necessary anodic process for initiation of polymer formation. A secondary redox
couple (Figure 5.24 (A) inset I & III) of £ 0.31 and E; 0.07 V was visible in cycles 3
and 5, and these responses may represent the oxidation and reduction (or charging and
discharging) of the PEDOT film as seen in Scheme 5.2. The observed currents did not
change as cycling continued. However, the voltammetry observed in Figure 5.24 (B)
suggests the presence of some material at the electrode surface, with the presence of a
weak anodic wave at Ejy = 0.35 V (I) and overall higher current density when compared

to a clean GCE in a 0.1 M NaNQOs solution.
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Figure 5.24: A) Cyclic voltammogram of 2 mM EDOT in 0.1 M NaNOs at a GCE over the
potential range -0.8 to +1.2 V vs. Ag|AgCl at 100 mV.s' showing cycles one (black), three (red)
and five (blue). Inset of cycles three and five. B) PEDOT film on a GCE showing third cycle
(black) against third cycle of a clean electrode (ved dash) over the potential range -0.8 to +1.5V
vs. AglAgCl at 100 mV.s™" in 0.1 M NaNO:;.

In the case of thionine acetate at a GCE (Figure 5.25 (A)), indicative anodic responses at
Ef =-0.26 (I), 0.62 and 1.06 V (II) were observed within cycle one, with cathodic
responses observed at Ej; = -0.077 (III) and -0.58 V (IV). The irreversible oxidation at
1.06 V may reflect the formation of Th radical cation species, as the response remained
in the subsequent cycles, however, with a diminished current density dropping from 174
to 81 pA.cm™ very weak cathodic waves at Eg = 0.13 (I) and -0.069 (II) V were also
visible which resulted in a single cathodic process at 0.059 V when the formed film
(Figure 5.25 (B)) was cycled in the electrolyte. The film displayed no discernible features
in the voltammogram other than a slightly increased current density, however,
observationally the surface did appear to have a blue hue when dried. There are few
literature reports for the electropolymerisation of Th, by itself, on a GCE. It is more
normally employed as a mediator within much more complex electrode transduction
configurations such as Th electrochemically deposited on a graphene modified GCE, Th

38,59 or a combination of

modified carbon nanotubes®®>” , Th modified gold nano particles
both®® deposited on a glassy carbon surface. As the goal was the deposition of a material

for contrast and not for the electrochemical properties it may provide, the poor
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electrochemical response observed in Figure 5.25 (B) may be the reason that the scope
of the literature was not interested in Th alone on a GCE due to the poor conductive

properties which were observed in this work.
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Figure 5.25: A) Cyclic voltammogram of 1 mM Th in 0.1 M NaNO; at a GCE over the potential
range of -0.8 to +1.2 V vs. Ag|AgCl at 100 mV.s™ showing cycles one (black), three (red) and five
(blue) and B) Th film on a GCE showing third cycle (black) against third cycle of a clean electrode
(red dash) over the potential range of -0.8 to +1.5 V vs. Ag|AgCl at 100 mV.s™ in 0.1 M NaNO:;.

Potential cycling of NR (Figure 5.26 (A)) shows an initial oxidative response at E = -
0.64 (I) and 1.02 (IT) V in cycle 1 with the initial anodic response not reappearing on
subsequent cycles and the response at 1.02 V diminishing from 0.29 mA.cmin cycle 1
to 0.19 mA.cm™ in cycle 5. A new redox couple at Ef =0.16 Vand E; =0.21 V (IIl &
IV) was observed in cycles 3 and 5, indicating the presence of a couple which was not
present in the initial cycle. Anodic responses at 0.080 V and 1.02 V and a cathodic
response at 0.14 V in the film formed from cycling (Figure 5.26 (B)) suggest clearer
evidence of a redox film present at the surface (Scheme 5.6) than any of the other
individual monomers under these conditions. Given the slightly acidic conditions (pH ~
5.6), a possible tetramer suggested by Pauliukaite et al. may be present at the surface*’.
This allows for multiple points of chemical linkage and a much more complex polymeric

repeating structure perhaps facilitating polymer deposition on the electrode.
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Figure 5.26: A) Cyclic voltammogram of 1 mM NR in 0.1 M NaNO; at a GCE over the potential
range -0.8 to +1.2 V vs. AglAgCl at 100 mV.s™ showing cycles one (black), three (ved) and five
(blue) B) NR film on a GCE showing third cycle (black) against third cycle of a clean electrode
(red dash) over the potential range -0.8 to +1.5 V vs. Ag|AgCl at 100 mV.s™ in 0.1 M NaNO;.
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Scheme 5.6: A) Initial reduction of neutral red with B) possible dimer and C) oligomer
structures®.
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In the first combination of the monomers, EDOT and neutral red (EDOT-NR), 2 mM and
1 mM respectively, were examined (Figure 5.27) with some of the characteristics of both
individual components. (Figure 5.28 (A)) In cycle 1, anodic responses at Ejy = 0.7, 0.89
(I) and 1.35 (II) V were observed along with a weak cathodic response at E; = 0.18 V.

Subsequent cycles appeared as traces of the individual monomers with cycle 3 taking the
previously observed characteristics of PEDOT formation with a redox couple of Ej =
0.39 V and Ej; = 0.0079 V (III & IV). Cycle 5 resulted an anodic response at 1.18 V like
that observed in the case of NR alone. Voltammetry of the film (Figure 5.28(B)) indicated
that some material was formed at the surface with a weak anodic response at Ej = 1.02

V(D).

E/Vvs. Ag|AgCI

Figure 5.27: Cyclic voltammogram (showing cycle 1) over the potential range of -0.8 to + 1.5V
vs. AglAgCl at 100 mV.s™ of 2 mM EDOT (black), 1 mM NR (blue) and EDOT-NR (2:1 mM) (red)
in 3:7 methanol:sodium acetate buffer (pH ~ 4.5) (typical traces).

213



Chapter 5: Latent Finger-Mark Visualisation at a Brass Surface via Deposition of
Conducting and Redox Polymers

04
A) 16 o3} I B) 06 r
14 r o2 05
1? - iéO(l) 04
E oo | o1 O3
o © 02 r
< 06 | 02 s < i
E 04 E/Vvs.Ag|AgCI E 0.1
=02 } = 0
0k -01 +
02 t -0.2
04 e 0.3 Lo
-1 0 1 -1 0 1
E/Vvs. Ag| AgCl E/Vvs. Ag| AgCl

Figure 5.28: Cyclic voltammogram of A) 2 mM EDOT and 1 mM NR in 0.1 M NaNO; at a GCE
across the range of -0.8 to +1.2 V vs. Ag|AgCl at 100 mV.s™" showing cycles one (black), three
(red) and five (blue). Inset: cycles three and five. B) PEDOT-NR film on a GCE showing third
cycle (black) against third cycle of a clean electrode (red dash) across the range of -0.8 to +1.5
Vvs. AglAgCl at 100 mV.s™ in 0.1 M NaNO:;.

The second combination observed was a mix of EDOT and thionine acetate (PEDOT-Th).
Figure 5.29 shows that the initial cycle contains a much more characteristic shape of
PEDOT than Th. While the film formation of the combination (Figure 5.30 (A)) resulted
in an EDOT characteristic oxidation process at Ejy = 1.22 V (I) in cycle one, cycle 3
contained a weak couple at Ej =0.28 V and E; =-0.013 V (II & III), along with an anodic
response not previously observed in any solution thus far at Ejy = 1.4 V. The latter may
be indicative of a monomer couple formed from the electropolymerisation of the

combination of both species. Cycle 5 showed an anodic response at Ejy = 0.41 V with a
subsequent reduction at Ej; = -0.18 V. Figure 5.30 (C) shows a weak anodic response at
Eg = 0.6 V (I), suggesting this redox active material was different to that observed with
PEDOT alone (response at Ejy = 0.35 V was observed for PEDOT film), and was adsorbed

to the surface when compared to the clean GCE trace.
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Figure 5.29: Cyclic voltammogram (showing cycle 1) over the potential range -0.8 to +1.5 V' vs.
AglAgCl at 100 mV.s™” of 2 mM EDOT (black), 1 mM Th (blue) and EDOT-Th (2:1 mM) (red) in
3:7 methanol:sodium acetate buffer (pH ~ 4.5) (typical traces).
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Figure 5.30: Cyclic voltammogram of A) 2 mM EDOT and 1 mM Th in 0.1 M NaNOs at a GCE
over the potential range -0.8 to +1.2 V vs. Ag|AgCl at 100 mV.s™" showing cycles one (black),
three (red) and five (blue). B) PEDOT-Th film on a GCE showing third cycle (black) against third
cycle of a clean electrode (ved dash) over the potential range -0.8 to +1.5 V vs. Ag|AgCl at 100
mV.s™ in 0.1 M NaNO:s.

215



Chapter 5: Latent Finger-Mark Visualisation at a Brass Surface via Deposition of
Conducting and Redox Polymers

The neutral red — thionine acetate (NR-Th) cyclic voltammogram (Figure 5.31) initially
shows characteristic responses of both NR and Th, with responses at Ejy =-0.66 and 1 V
being attributed to NR and the response at E; = -0.22 V also being observed for Th alone.
During cycling (Figure 5.32 (A)) initial anodic responses were observed at Ejy = -0.66 V

-0.23 V and 1.0 V with the first and last responses being attributed to the presence of

neutral red in the solution. Cycle 1 resulted in a cathodic response at Ej; =-0.02 V (I). In
subsequent cycles an anodic response at Ey = 0.26 V (III) and a diminished response at
1.13 V (II) were observed. A seemingly double cathodic response at E; = 0.17 and -0.036
V (IV & V) was visible, with the cycled surface (Figure 5.32 (B)) indicating a weak

anodic response, like all responses observed with neutral red films at Ef =1 V (I).
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Figure 5.31: Cyclic voltammogram (showing cycle 1) over the potential range -0.8 to +1.5 V' vs.
AglAgCl at 100 mV.s™ of I mM NR (black), 1 mM Th (blue) and NR-Th (1:1 mM) (red) in 3:7
methanol:sodium acetate buffer (pH ~ 4.5) (typical traces).
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Figure 5.32: Cyclic voltammogram of A) I mM NR and I mM Th in 0.1 M NaNOs at a GCE over
the potential range -0.8 to +1.2 V vs. AglAgCl at 100 mV.s” showing cycles one (black), three
(red) and five (blue) and B) NR-Th film on a GCE showing third cycle (black) against third cycle
of a clean electrode (red dash) over the potential range -0.8 to +1.5 V vs. Ag|lAgCl at 100 mV.s™
in 0.1 M NaNO:,

Overall, electrochemical activity was observed with all individual monomers and their
respective combinations at a GCE, with successful deposition of material in all instances.
In Table 5.7 an overview of the electrochemical responses shows that some of the

monomers exhibit characteristic redox features when combined.
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Table 5.7: Overview of electrochemical responses observed in cycle one of the various solutions
used for this analysis.

Solution Anodic Response (E3) (V) Cathodic Response (E3) (V)
EDOT Peak I 11 111
1.23 0.31 0.07
Th Peak I 11 111 v
-0.26 1.06 -0.77 -0.58
NR Peak I 11 v I
0.64 1.02 0.21 0.16
EDOT-NR Peak I 11 111 v
0.89 1.32 0.37 -0.05
Peak I II IIT v
EDOT-Th 0.89 1.35 0.39 0.01
Peak I II 111
NR-Th 1.22 0.28 -0.013

In order to further characterise the surface, UV-Vis absorbance spectroscopy was
employed. As described in Chapter 1 light interactions with films can shift the responses
either way (red shift {bathochromic} / blue shift {hypsochromic})®! the intensity of which
is directly related to the majority unit or form of unit present within the polymeric
structure®?, incurring some discrepancies when comparing individually formed films and

films derived from combinations of materials.

Given the understanding that the films produced contain complex polymeric chains, a 2"
derivative process was utilised to gather more comprehensive knowledge of the spectra,
resolving overlapping peaks which may be lost in standard UV-Vis spectroscopy. In
Figure 5.33 a comparison between a solution of EDOT and the 2" derivative is shown
with response at 260 nm in the original EDOT spectra containing two unique peaks at
252 nm and 265 nm. As an important side note, the use of the 2™ derivative inverts the

peaks of interest, so instead of a peak being the peak of interest, it is instead a trough.
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2" Derivative of EDOT Spectra

EDOT

1 L 1 L 1 L 1

250 300 350 400 450 500

Wavelength / nm

Figure 5.33: Example spectra of a 2 mM EDOT solution in 0.1 M NaNOj3 showing how second
derivative analysis can resolve a spectral peak.

Comparative reflectance probe measurements of the PEDOT film against the combination
films containing PEDOT are shown in Figure 5.34 with the dashed lines indicating
matched peaks from the PEDOT film to the combined films. PEDOT contained six of the
same responses as the PEDOT-Th film matching at 220, 416, 471, 498, 525 and 558 nm,
with the wavelengths between 400 and 600 nm being representative of PEDOT in a

63,64

neutral state®**, while comparative peaks at 262 and 358 nm were observed within both

PEDOT and PEDOT-NR films.
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Figure 5.34: Second derivative UV-Vis absorbance spectra of PEDOT and PEDOT containing
films on a GCE using reflectance probe spectroscopy.

When comparing the Th and Th containing films (Figure 5.35) peaks at 302 and 366 nm
can be observed in both Th and NR-Th films, while peaks at 259 and 340 nm were in both
Th and EDOT-Th films. The strong reference wavelength of 520 nm for thionine acetate®
was observed in the Th film (518 nm) indicating the polymeric structure may contain Th
in a lower number of polymeric units within the chain. While direct overlaps of responses
were minimal, there are multiple instances where there was a slight offset between the
responses observed in Th and the Th containing films. When comparing the Th and
PEDOT-Th films, peaks at 435, 525 and 606 nm and 440, 550 and 617 nm respectively
may match. Considering changes in the polymeric structure, an increase in conjugation
or a change in delocalisation caused by a less uniform repeating unit can produce

bathochromic shifts, such as those observed here®®®’. Similarly, when observing the NR-
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Th film, responses within 10 to 20 nm of the Th film were observed, indicative of the
same shifts and potentially the change in colour of the film at the surface as the unmatched

peaks were mainly within the visible range of the spectra.

NR-Th

Thionine

PEDOT-Th

250 300 350 400 450 500 550 600 650

Wavelength / nm

Figure 5.35: Second derivative UV-Vis absorbance spectra of Th and Th containing films on a
GCE using reflectance probe spectroscopy.

The NR containing films (Figure 5.36) most notably have the fewest direct matches in
wavelength relative to the NR film alone; absorbances at wavelengths of 255 and 261 nm
match with the NR-Th and PEDOT-NR films respectively. The most likely reason for the
lack of matching to the original film is due to the fact that NR is a red compound, while
both others produce blue polymeric films. The usual shifts due to changes in the
polymeric structure can be a reason for the lack of direct overlap. However, the films
formed from NR combined solutions typically have more of a purple to burgundy hue, as

opposed to the deep orange/red colour obtained from NR films alone.
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Figure 5.36: Second derivative UV-Vis absorbance spectra of NR and NR containing films on a
GCE using reflectance probe spectroscopy.

A more detailed analysis of the matching wavelengths can be seen in Table 5.8 matching
results based on an understanding that slight shifts may have happened due to the mix of
individual units in the overall polymeric film*, with the dash (-) (blue highlight)
indicating that a response would have been expected due to the monomers present within
the mixture, and the bold numbers (orange highlight) indicating that the response was not
expected due to the components of the combination. Deviations from these colours shows
that the response was observed in multiple individual films, as evidenced by this thorough

first-time spectral investigation of such materials using these techniques.
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Table 5.8: Table of observed absorbance wavelengths within polymeric films on a GCE.
PEDOT Th NR PEDOT-Th PEDOT-NR NR-Th

Wavelength / nm

253 - 252
262 260 261 264 264 -
282 283 -
303 306 310 301 304
326 330 323 325
336 332 332
342 341 341 345 345 -
358 359
365 362 368
387 389 - - 388
417 412 413 415 424 421
436 435 435 438 - 436
453 456 - 451
473 474 474 471 473 473
498 495 498 - -
503 504 - 502 500
522 518 518 517 - -
529 523 527 529
541 542 -
559 557 557
562 - 565
593 593 592 591 -
610 609 609 607 608
615 615 - 611 613
620 623 622 - - 618
638 - 631 636
646 642 644 - -

* Wavelengths were classified as a match if they were = 10 nm
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In order to further characterise the films at the surface, infra-red spectroscopy was
employed. Infra-red spectroscopic analysis of polymeric films presents a multitude of
challenges such as suffering a low signal-to-noise ratio for thin films®® as well as issues
regarding penetration of the light and subsequent nonuniform return of the light beam,
while thick films may introduce constructive or destructive interference of the light due
to refraction as light passes through the film. Hydrogen bonding is also known to vary
spectral responses within the magnitude of 100’s of cm™ 616°. The films of interest within
this work have clear capabilities of having hydrogen bonding within the structures due to
the presence of oxygen and nitrogen in the main structure and amine substituent groups
present within the phenazine and phenothiazine. The “stacking” of the polymeric layers
could increase the influence of hydrogen bonding on these possible shifts in
wavenumbers. This presents the possible “catch 22 problem of a film being too thin for
analysis to be performed or a film being too thick such that hydrogen bonding interferes

with the results.

The IR spectra for all films on a GCE are shown in Figure 5.37. Across all spectra, the
upper limits of the IR data (blue box) appear to be shifted left, as the assumed N-H
stretching response was not visible within its expected range of ~3500 to 3200 cm™! for
any form. Instead, a strong response at ~3700 cm™!, or higher, was observed. If this value
was matched to a literature table alone, it would indicate the presence of an alcoholic O-
H bond. Additionally, the signal does not have the characteristic broad response of an O-
H which could be attributed to the sample containing water. Only two possibilities remain,
firstly a shift in wavenumber for the expected N-H bonds and, if this was the case, a shift
may be possible for other expected bond values, or, as shown in Equation 5.13 the
process may produce NaOH, which could be the leading cause of the pH change from pre
and post analysis. This may allow for dissociated OH™ to be contained within the
polymeric structure during the forming process as a counter anion leading to the response

visible within the spectra.

The orange highlighted area in Figure 5.37 appears to have nearly identical responses
across all spectra. This may be attributed to a contamination or defect on the surface,
however, with each instance the electrode was cleaned and polished in preparation for the
new film and the spectra were background subtracted with the IR spectra of a clean GCE
surface, hence this is unlikely. Within this box, responses may be assigned to bending of

singly bound hydrogens and double bonds. This area would have a lot of comparative
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peaks and may not be useful for the determination of unique bonds within the polymer

films and was disregarded for this analysis.

The area of most interest for the comparative analysis of the films on a GCE surface was

the blue highlighted region (Figure 5.37) which is expanded further in Figure 5.38.

NR-Th

PEDOT-Th

PEDOT-NR

PEDOT Thionine Acetate Neutral Red

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber / cm’!

Figure 5.37: IR spectra of electrochemically deposited films on a GCE surface.
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In Figure 5.38 the expanded spectra of the films across 2600 to 1750 cm™ on a GCE
surface, show subtle differences which may further indicate the structure of the main units
of the polymeric films. Peaks from the mixed systems, have been matched to their

individual counterparts showing the relationship.

Within the NR set of films (Figure 5.38 (A)), peaks at 2380, 2300, 2200 & 2190 (double
headed peak) and, 2145 cm™! were matched between the individual and combined films.
Peaks at 2190, 2148 and 1970 cm™ were matched between PEDOT and the combinations
(Figure 5.38 (B)), while Th had peaks of 2385, 2320, 2065, 1878 and 1858 cm™! (Figure
5.38 (C)). In the majority of these cases, the peaks are within a region which is not
generally characterised by reference tables outside of C=C within aromatic systems.
Peaks within the region 2300 to 2400 cm™ are quoted to indicate the presence of CO;,
and therefore while it is not impossible that the films somehow managed to contain CO»,
it is a general response across all spectra of films thus not useful in the comparative

identity analysis.
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Figure 5.38: Series of IR spectra of films on a GCE with A) comparison of NR containing films, B) comparison of PEDOT containing films and C) comparison
of Th containing films.
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Film formation of various monomers and their combinations was successfully performed
at a GCE surface. Characteristic peaks of the individual monomers were observed in the
combinations, confirming the uptake of both components of the combination within the
formed film. Electrochemically, all of the mechanisms proposed for polymerisation
required an initial anodic process which allowed for subsequent polymerisation and film
formation. At the GCE surface, NR dominated the characteristics of the electrochemical
processes for which it was present, while spectroscopic analysis discerned that Th
provided the dominant features across the UV, visible and IR light ranges. This indicates
that even though Th films on GCE may provide poor sensing performances, which may
be why they are studied to a little extent in the literature, the films formed by the process
may have a sufficient amount of Th units within the polymeric structure to provide useful

spectral data.

5.4.3.2 Characterisation of Phenazine, Phenothiazine and EDOT at an Indium Tin Oxide

Flectrode

With successful results achieved at a GCE, further examination at a metallic electrode
was required as a closer step to understanding the monomer behaviour on brass. Initially
platinum was considered, however, due to the likelihood of nitrate ions degrading the

surface’®’? Indium Tin Oxide (ITO) electrodes were selected.

At the ITO electrode, the voltammogram of EDOT (Figure 5.39 (A)) displayed a
crossover behaviour in the early cycles (2, 3, and 4) at 1.03 V in cycle 2 and 0.97 V in
cycles 3 and 4. This crossover phenomenon indicated the development of a large
capacitive current, which increased as the cycles progressed. A subsequent scan rate study
in 0.1 M NaNO:s revealed a large rectangular shaped capacitance current which increased
with scan rate, characteristic of voltammograms of PEDOT films on electrode

surfaces>> 7374,
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Figure 5.39: Cyclic voltammograms of an ITO electrode in A) 2 mM EDOT in 0.1 M NaNOj3 over
the potential range -0.5 to +1.2 Vvs. Ag|AgCl at 100 mV.s™ showing cycles one (black), five (red),

ten (blue), fifteen (green) and twenty (purple) (typical traces) and B) scan rate study of the film
formed in (4) in 0.1 M NaNOjs over the potential range 0 to 1 V vs. Ag|AgCI at 50 (black), 100

(red), 150 (blue), 200 (green) and 250 (purple) mV.s™ (typical traces).

For thionine acetate growth, (Figure 5.40 (A)), an initial anodic response was observed
at Ej = -0.15 V, accompanied by a double cathodic response at Ej; = 0.029 and -0.24 V.
These responses exhibited an increase in current with subsequent cycling, particularly the
Ej =-0.24 V cathodic response, which experienced a potential shift that ended at E; =
0.23 Vin cycle 20. Additionally, a second anodic response appeared initially at Ej = 0.19
V in cycle 3, shifting positively to 0.24 'V, and displayed an increase in current by cycle
20. The subsequent scan rate study (Figure 5.40 (B)) was observed to contain a prominent

redox response with Ef = 0.067 V, Ej =-0.33 and E1 = .0.145 V at a scan rate of 250
2

mV.s.
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Figure 5.40: Cyclic voltammograms of an ITO electrode in A) 1 mM Th in 0.1 M NaNQO; over the
potential range -0.5 to +1.2 V vs. Ag|AgClI at 100 mVs™ showing cycles one (black), five (red),
ten (blue), fifteen (green) and twenty (purple) (typical traces) and B) scan rate study of the Th
film formed in (A) in 0.1 M NaNQO3 over the potential range -0.5 to +0.5 V vs. Ag|AgCI at 50
(black), 100 (red), 150 (blue), 200 (green) and 250 (purple) mVs™ (typical traces).

When plotted as j vs. scan rate (Figure 5.41 (A)) and j vs square root scan rate (Figure
5.41 (B)), a linear response was obtained in both instances for both anodic and cathodic
responses, suggesting that the redox mechanism (Scheme 5.7) followed both a mixed
adsorption surface controlled and diffusion controlled process, indicating the presence of
material at the surface of the electrode and a thick layer of redox material through which

diffusion of ions may occur.
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Scheme 5.7: Initial oxidation and dimerisation of thionine”.

In the case of neutral red (Figure 5.42 (A)), an initial anodic response was observed at 1

V, which steadily decreased as cycling continued. Simultaneously, a redox couple with

Ej =0.22 V and E; = 0.048 V was observed in subsequent cycles. The following scan

rate (Figure 5.42 (B)) study did not show any notable redox processes.

The polymerisation of neutral red takes place around 0.8 V in Britton-Robinson buffer

(pH 5.15)7¢, while the potential is shifted more positive, and this may be the identity of

the peak observed at 1 V within this work. The common absence of the corresponding

reduction peak indicates the formation of a radical cation that in turn reacts with another
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cation species forming a dimer. For general phenothiazines such as Th, the dimer is linked

via the secondary amino group.

This dimer can result in a radical cation when oxidised and react with other radicals
forming the overall polymeric structure’®. The secondary redox process can be attributed
to the polymer itself, with an indicative response visible on cycle 1, which would contain

monomer only, and this redox process may involve the phenazine ring’¢.

The NR polymer has been observed as a colourless film in low pH and has thus been
classified as in a deprotonated state’®. As the films produced from these methods are

coloured red it would suggest that they are in their protonated state.

The lack of notable responses of the film alone on the ITO surface (Figure 5.42 (B)) may
be attributed to the transport capabilities of the film. The film can be divided into two
layers: an inner layer that undergoes oxidation and reduction, and an outer layer that
functions as a membrane for the transport of water and hydrogen ions’®. The presence of
electroactive groups in a solid material slightly alters the behaviour of the polymer
compared to its behaviour as a monomer in a solution. Specifically, the reduction process
of the polymer involves the reduction and saturation of the phenazine ring, which may be

indicated by the anodic response observed at approximately 0.22 V.
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Figure 5.42: Cyclic voltammograms of an ITO electrode in A) I mM NR in 0.1 M NaNOs over the
potential range -0.5 to +1.2 V vs. AglAgCl at 100 mV.s™" showing cycles one (black), five (red),
ten (blue), fifteen (green) and twenty (purple) (typical traces) and B) scan rate study of the NR
film formed in (4) in 0.1 M NaNOj; over the potential range 0 to 1 V vs. AglAgCI at 50 (black),
100 (red), 150 (blue), 200 (green) and 250 (purple) mV.s™ (typical traces).
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Similarly, for the EDOT-NR mixture (Figure 5.43 (A)), an initial anodic response was
observed at 1 V, which also decreased as cycling progressed. The voltammogram
displayed a redox couple with Ef = 0.28 V and E; = 0.008 V which could be the central
phenazine ring of the NR. The scan rate study (Figure 5.43 (B)) resulted in a similar
response to that obtained from neutral red alone, with more uniform increase in current

density, perhaps due to the PEDOT deposition.
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Figure 5.43: Cyclic voltammograms of an ITO electrode in A) 2 mM EDOT and 1 mM NR in 0.1
M NaNOs over the potential range -0.5 to +1.2 V vs. AglAgCl at 100 mV.s” showing cycles one
(black), five (red), ten (blue), fifteen (green) and twenty (purple) (typical traces) and B) scan rate
study of the film formed in (4) in 0.1 M NaNO; over the potential range 0 to 1 V vs. Ag|AgCl at
50 (black), 100 (ved), 150 (blue), 200 (green) and 250 (purple) mV.s™ (typical traces).

In the case of EDOT-TH (Figure 5.44 (A)), an initial oxidation response appeared at -
0.046 V in cycle 1, accompanied by reduction responses at 0.065 and -0.11 V. However,
the initial oxidation response vanished by the final cycle. A second anodic response
emerged at 0.17 V from cycle 3 onwards, while the reduction responses exhibited an
increase in current as cycling continued. The shape of the obtained voltammogram
indicates that the thionine redox response is more prominent than that of the EDOT. Both
characteristics of PEDOT and thionine can be observed with the scan rate study (Figure
5.44 (B)) with a redox couple of Ejy =0.19 V and E; =-0.2 V on the conducting polymer
non-faradaic current steadily increasing with scan rate. The plot of j vs square root scan
rate (Figure 5.44 (C)) resulted in a linear trend suggesting a diffusion-controlled process

within the film produced.
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Figure 5.44: Cyclic voltammograms of an ITO electrode in A) 2 mM EDOT and 1 mM Th in 0.1
M NaNOj; over the potential range -0.5 to +1.2 V vs. Ag|AgCl at 100 mV.s” showing cycles one
(black), five (red), ten (blue), fifteen (green) and twenty (purple) (typical traces) and B) scan rate
study of the film formed in (A) in 0.1 M NaNO; over the potential range -0.5 to +0.5 Vvs. Ag|AgCl
at 50 (black), 100 (red), 150 (blue), 200 (green) and 250 (purple) mV.s” (typical traces) and C)
plot of I vs. \scan rate.

The voltammograms of neutral red and thionine acetate in absence of conducting
polymers (Figure 5.45 (A)) matched their individual redox signals quite well. Initial
anodic responses were observed at -0.12 and 1 V, accompanied by a reduction response
at -0.13 V. However, the response at -0.12 V diminished as cycling continued, and the
response at 1 V progressively decreased. A new anodic response appeared at 0.21 V, along
with a reduction response at 0.05 V. with the scan rate study (Figure 5.45 (B)) containing

a redox couple of Ef = 0.21 V and Ej = -0.15 V. The anodic response of this couple
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observed a linear response of If vs. square root scan rate (Figure 5.45 (C)) indicating a

diffusion-controlled process.
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Figure 5.45: Cyclic voltammograms of an ITO electrode in A) 1 mM NR and 1 mM Th in 0.1 M
NaNO; over the potential range -0.5 to +1.2 V vs. Ag|AgCl at 100 mV.s” showing cycles cycles
one (black), five (red), ten (blue), fifteen (green) and twenty (purple) (typical traces) and B) scan
rate study of the film formed in (4) in 0.1 M NaNOj; over the potential range -0.5 to +0.5 V vs.
AglAgCl at 50 (black), 100 (red), 150 (blue), 200 (green) and 250 (purple) mV.s™ (typical traces)
and C) plot of I vs. scan rate.

Second derivative UV-Vis absorbance spectroscopy was also performed on all formed
films at an ITO surface (Figure 5.46). Responses for all combinations were matched with
their individual counterparts, with the responses of Th and NR containing films at 300
and 325 nm being attributed to a N=C chromophore within the structure. The difference

in the absorbance of this chromophore shifted depending on whether part of a
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phenothiazine or phenazine ring structure. While the majority of this response within the
NR-Th film was attributed to NR and thus a phenazine core, 2" derivative spectroscopy
allowed for the observation of a shoulder within this response (circled) which corresponds
with the wavelength of the Th response, further indicating the presence of both

monomeric structures within the overall polymer.

While stronger absorbances would have been expected above 400 nm as the films did
possess colour, indicative absorbances such as Th showing a response at 573 nm
representing the blue colour the film contained, and NR absorbing at 446 nm for its
red/orange colour. However, the noise of the spectra for the combination films was too

great to define absorbance values within this region.
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Figure 5.46: UV-Vis absorbance spectra for A) PEDOT containing films, B) Th containing films and C) NR containing films at an ITO surface.
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IR Spectroscopy was performed on the films deposited on an ITO surface as seen in
Figure 5.47 and similar issues which arose with the films on the GCE exist. Except for
the film containing NR alone, a characteristic three peak response at about 3850, 3735
and 3620 cm™! was observed in all other spectra with varying degrees of intensity. As
mentioned in the analysis of the GCE IR data, again the case for two distinct reasons
behind this response may be a N-H which has been red shifted due to hydrogen bonding,
or it may be trapped O-H responses from the NaOH generated from the polymerisation
process. As the response was present in the PEDOT film alone, the presence of O-H may
be more likely. In all cases a weak response was observed at about 2300 cm™' similar to
that in the case of the GCE, indicating the presence of CO,. This may mean that CO; is
trapped within the polymeric structure, similar to the OH. In a comparative sense, the
PEDOT-NR film appears to contain spectral features for both the individual monomers,

while Th dominates the responses for the Th containing films.
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Figure 5.47: IR spectra of A) NR containing films B) PEDOT containing films and C) Th containing films at an ITO surface.
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At the ITO surface, films were successfully deposited and characterised via
electrochemical, and spectroscopic techniques. The analysis with thicker films proved
more successful than the GCE counterpart. Electrochemically, successful redox couples
were found within the Th containing films, which were generally found to follow
diffusion-controlled processes likely due to diffusion of charge balancing counter ions
through the thick film. Films containing EDOT generally resulted in an increase in current
response per signal when compared to the individual monomers. Spectral analysis proved
slightly more difficult in terms of the number of signals observed. This may be due to the
thickness of the film, however, signals within the combination films were matched

successfully to their individual counterparts.

5.4.3.3 Proposed Structures of Polymeric Films

Literature comparatives of the possible polymeric structures for any of the combined
monomer solutions show very few examples. The only known literature of one of these
combinations was reported by Murphy et al. combining EDOT and thionine to form
electrochemically deposited films at a GCE surface?. A comparative mix of species was
reported by Ergun and Eroglu, in which a film containing EDOT and a phenazine species

was electrochemically deposited on a platinum surface’”.

Therefore, proposed structures of the individual species films formed, described EDOT
combining through the carbons attached to the sulphur and NR and Th forming polymeric
units joined via C-N coupling through the amine group and the carbon of the fused ring
central structure. Multi-species films without literature counterparts could be proposed
with linkages as seen below in Figure 5.48. As the electrochemical analysis at both GC
and ITO surfaces indicated that the initial oxidation event required for polymerisation of
the monomers to occur it would be safe to assume that the linkages between the units
would follow the same process as the homogenous polymers. The additional
characterisation via spectroscopy indicated that in the case of PEDOT-NR films, the
majority of the film was made up of NR repeating units, while PEDOT-Th films contained

a majority of Th units and NR-Th films contained a majority of Th units.
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Figure 5.48: Proposed structures indicating linkages between monomer units in combined films
showing A) NR-Th, B) PEDOT-Th and C) PEDOT-NR.

5.4.3.4 Characterisation of Phenazine, Phenothiazine and EDOT Combinations in NaNQOj3

at a Brass Surface

Voltammograms obtained from the deposition of monomers and mixtures onto a brass
surface (Figure 5.49) did not show significant differences compared to voltammograms
arising from the electrolyte alone, over the range stated. The electrochemical
characteristics of the brass electrode dominated the voltammogram, overshadowing any
observable features of the monomers. Consequently, the voltammograms obtained from
the brass electrode were not useful for comparing the electrochemical activity of the
monomers of interest. The only point of change within the data was the potential at which
the crossovers were observed within cycle 1. Table 5.9 shows the potentials of these

events.
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Figure 5.49: Cyclic voltammograms of A) 2 mM EDOT, B) I mM Th, C) 1 mM NR, D) 2 mM
EDOT and 1 mM NR, E) 2 mM EDOT and 1 mM Th and F) 1 mM NR and I M Th in 0.1 M NaNO3
at a brass surface over the potential range -0.2 to +0.5 V vs. AglAgCl at 100 mV.s™ (typical

traces).
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Table 5.9: Table of crossover and breakdown potentials observed in cycle I with a brass surface
in various solutions of monomers.

Solution Crossover potential (V) Onset Potential (V)
NaNOs 0.075 0.164
EDOT 0.079 0.199
Thionine Acetate 0.080 0.129
Neutral Red 0.066 0.141
EDOT-NR 0.074 0.179
EDOT-Th 0.063 0.099
NR-Th 0.072 0.142

Absorbance UV-Vis spectroscopy (film probe spectra studies) were unsuccessful, with
noise evident in the spectra. However, reflectance spectroscopy (Figure 5.50) without the
use of 2™ derivative produced suitable data for analysis. The optical properties of NR
dominate in the reflectance spectra for mixed films, with 261, 318, 351 and 577 nm and
236, 261, 318 and 352 nm being attributed to its presence in the EDOT-NR and NR-Th
films respectively. Th appeared to be lost at the brass surface, only being attributed to one
signal at 243 nm in the neutral red mixture and two signals at 312 and 318 nm in the

EDOT mixture.
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Figure 5.50: UV-vis absorbance spectra of all individual and mixed monomer films at a brass
surface, using reflectance probe spectroscopy.

IR spectroscopy analysis at the brass surface (Figure 5.51) produced some of the most
promising results for each film formed. Similar spectral features to those obtained at the
other surfaces were observed. PEDOT-NR and NR-Th films produced similar spectra
with the main peaks observed at 2030, 2120 and 2200 cm', perhaps indicating the
phenazine ring structures containing C=C. Similar peaks were observed in the case of NR
alone at 1990, 2100 and 2210 cm™'. Within the PEDOT and Th individual films, a
characteristic peak for C=0O was observed at 1701 cm!, along with an indicative peak for

N-O at 1531 cm™ which may be from NOj3 ions in the electrolyte. These peaks were not

observed on any of the other films.
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Figure 5.51: IR spectra of electrochemically deposited films on a brass surface.

Overall, at the brass surface, films were successfully deposited via electrochemical
deposition. While the electrochemical data did not produce unique voltammograms which
could determine electrochemical processes unique to the monomer used spectroscopic
analysis did reveal that the films produced were unique to the material deposited.
Additional cations and anions which may have been present in the solution from the
breakdown of the brass surface most likely played a role in the polymeric structure of the

films.

This thorough examination of conducting and redox polymer mixtures paves the way for
visualisation of finger-marks on brass surfaces and is to the best of our knowledge the

first such comprehensive investigation of these materials using these techniques.
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5.5 Conclusion

Data presented here has advanced our understanding of the brass substrate intended for
finger-mark visualisation using electrochemical means. While the exact dezincification
mechanism was not investigated in detail, XPS data pointed to increased copper
concentration at the surface, copper and zinc presence in the formed precipitate. In
addition, a blue hue in the solution post analysis and a change to the surface, which
removed some material (etch) post analysis, show that a corrosion process, possibly

dezincification, was taking place during electroanalytical measurements.

Sodium nitrate provided the most promising electrolyte for brass studies, minimising
gaseous release at the counter electrode and providing a mild etch effect for successful
visualisation of a latent finger-mark at a brass surface without the need for additional

material or monomers.

The desire for only mild etches was in part due to the end case use, with a branch of tool
mark analysis which can be performed on ammunition casing, matching scratches on the
casing to the barrel of the firearm from which it was fired. If the electrolyte provided a
strong etch, such as the H2SO4, the marks which are generated from firing the ammunition

could become much deeper and ruin the print, removing much needed detail.

The monomers of interest have been studied and shown to undergo successful oxidation
and subsequent polymerisation/deposition at both a glassy carbon and indium tin oxide
surfaces. Characterisation of the films deposited on the surfaces suggested proposed
structures of the repeating units of the polymer. The deposition of this material at a brass
surface did not show any significant changes in the electrochemical results due to the
dominance of the brass electrochemical signature. However, spectral analysis and an
observable colour change has shown indicative results (due to the challenging nature of
the brass surface) that material was successfully deposited on the surface of the brass
allowing for a better contrast of colours at the surface for visualisation of latent finger-

marks.

In the next chapter, optimisation of these methods, focuses on visualisation quality and
subsequent scoring of the prints in order to select the most appropriate system and

parameters for latent finger-mark visualisation.
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6.1 Chapter Aims

The overall aim of this chapter is, to enhance the visualisation process of a finger-mark
with the view to achieve the highest possible score of the visualised finger-mark (Grade-
4 and level-3). Secondly, the aim is to refine and optimise experimental parameters to
mitigate risk by professionals who may adopt the technique, and finally, to achieve
visualisation of a finger-mark on an ammunition casing to the extent of donor

identification.

6.2 Introduction

The goal of the previous experimental chapter was to establish an understanding of how
redox and conducting polymers behave at brass surfaces under electrochemical conditions
with the aim to extend this information to a latent finger-mark visualisation technique.
While some latent finger-marks were previously developed and scored, in this chapter,
the main focus of any analysis performed was enhancement of the quality of the visualised
finger-mark achieved on a brass surface. As mentioned in Chapter 1, previously
successful latent finger-mark visualisation on metallic surfaces have been described in

10

the literature '"1°, with varying degrees of success, in some cases requiring very high

applied potentials and long analysis times.

Degradation of a latent finger-mark is a key issue for forensic professionals, as the
ammunition casings are rarely analysed directly after use in real cases. Multiple factors
such as time, humidity, heat and secondary contamination can hinder current methods of
visualisation'!. In this work, two of these factors (time and temperature) were selected to
understand how the methods proposed behave relative to analogues of “real case” finger-

mark evidence.

One of the initial findings which generated the interest in electrochemical visualisation
of latent finger-marks on metallic substrates was that of the natural etching of sweat on
metals'?. Forge workers who produced salt rich sweat, were observed to work with
machinery which would have indicative finger-marks present due to the sweat generated
»12

from working in such hot environments, these workers were referred to as “rusters

This was due to the natural salts present within mostly eccrine sweat corroding and
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degrading the metallic surface'>. The age of the latent finger-mark may also affect the

surface naturally, perhaps inducing a mild etch effect with sweat and time alone.

Heat was also a factor of importance, as the end goal of this methodology was to visualise
finger-marks on ammunition casings after the discharge of the weapon. The heat
generated from the discharge of a firearm depends on many factors, such as type of
ammunition used (single, double or triple base), the diameter of the barrel of the firearm
and how many repeated firing events were performed. These exact values are difficult to
find within the literature, as the focus on firing stress is placed on largely automatic

weapons, to avoid unexpected detonation of the ammunition.

6.3 Experimental

6.3.1 Materials and Reagents
Brass (CZ108/CW508L) sheets were obtained from Farnell Ltd. UK in 100 x 250 mm

sized sheets. Sodium nitrate (NaNO3) was purchased from VWR chemicals, Thionine
Acetate (Th) and Neutral Red (NR) were purchased from ThermoScientific while 3,4-
ethylenedioxythiophene (EDOT) was purchased from Flurochem. All compounds
required no further purification. Ethanol (anhydrous > 99.5%) was obtained from Sigma-
Aldrich and all deionised water was obtained from the lab Millipore Milli-Q water system
with a Progard® TS2 filter attached. Electrode polishing solution was a 1 uM
Monocrystallin diamond suspension (Akasel). Brass ammunition casings were donated
from a private collection, showing the headstamp of “HXP 85 indicating their

manufacturing origin from the Greek Powder and Cartridge Company in 1985.

6.3.2 Instrumentation and Software

All electrochemical experiments were carried out using a Solartron Potentiostat Model

1285 operated by Scribner Associates Corrware software package with data analysis
using CorrView Version 2.3a and a CHI Electrochemical workstation model (660E)
operated by CHI software (version 19.10) with Microsoft excel 365 software package and
Origin Pro 2023b for data analysis. A platinum mesh (square area 1.32 cm?) was used for
the counter electrode and a standard Ag| AgCl electrode (internal solution 3 M KCI) was

employed as the reference electrode. The Ag| AgCl reference electrode was stored in 3 M
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KC1 when not in use. A HUAWEI P20 lite mobile phone, running EMUI version 9.1.0 in
addition with a LED desk lamp were used for photography. X-Ray Photoelectron
spectroscopy was performed with a Kratos AXIS 165 instrument at the University of
Limerick (Dr. Fattima Laffir). Heat degradation experiments were carried out using a
Gallenkamp, size 2, Muffle Furnace. A bespoke electrochemical cell was fabricated with
chemical resistant PET material (maximum volume 250 mL) and a Teflon inlet tube,
containing copper wire (d = 1 mm) with the attachment point manipulated into a
corkscrew spiral (d = 5 mm), allowing for an ammunition casing to be screwed into the
connection to act as a working electrode, sealed to a watertight finish with Araldite 2-part

epoxy adhesive.

6.3.3 Procedures

6.3.3.1 Brass Preparation and Cleaning

Brass strips were prepared and cleaned as per section 5.3.3.1 in Chapter 5.

As ammunition casings were significantly different in shape compared to brass sheets
used previously, a drill was employed to house the ammunition casings (Figure 6.1).
Ammunition casings were held within the chuck of the drill and rotated on the polishing
surface in three steps. Firstly, the casing was rotated on p1200 grit polishing paper with
Brasso as lubricant. The casing was then further rotated on a cloth with Brasso and finally
was rotated on a fine polishing pad with 1 um diamond suspension to bring it to a mirror

finish. The rotation of the drill allowed for even coverage across the entire casing.
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Figure 6.1: A) Photographs of ammunition casings in a drill B) before and after polishing surface

of ammunition casings.

6.3.3.2 Groomed Sebaceous finger-mark generation

As described earlier in Chapter 5 section 5.3.3.9

6.3.3.3 Groomed Eccrine finger-mark generation

The hands were initially washed with soap and warm water. The cleaned hand was then
placed into two gloves and the gloves were worn for a minimum of thirty minutes while
doing light activity around the lab (solution preparation, cleaning etc.). The gloves were
removed, and a finger was then gently placed on the surface of interest for one to two

seconds.
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6.3.3.4 Split Printing of Finger-marks

Latent finger-marks were applied in the same manner as previously stated in section

5.3.3.2, with the deviation being that the mark was applied between two different brass

sheets as per Scheme 6.1.

Brass Strip 1

Applied
Latent
Finger-mark

-

7

)

25¢cm

25¢cm

Brass Strip 2

[ Viuaisaion. 4

Visualised in
Solution A

Visualised in
Solution B

Scheme 6.1: Visualisation of the “split print” method for comparison of visualisation solutions.

6.3.3.5 Application of finger-marks to ammunition casings

While the method of application of latent finger-marks did not deviate greatly from

previously mentioned procedures, a slight variation occurred due to the way in which the

casing was connected into the system. To ensure that the applied finger-marks were not

damaged, the ammunition casing was cleaned (as in section 5.3.3.1), then attached to the

corkscrew adaptor. Once in place, the latent finger-mark was applied in a pinch, meaning

that two prints were applied (the index finger and thumb) one on the side closest to the

reference electrode and one on the side of the counter electrode.
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’1 ! ) Two Finger-marks are

Active Area defined
with insulating tape

Deposited

Latent finger-mark

Scheme 6.2: Application of finger-marks to ammunition casings.

*Due to the taper within the form of the ammunition casing, the diameter indicated on the above
scheme is taken from the central point of the active area.

6.3.3.6 Electrochemical Methods

Over the course of this chapter cyclic voltammetry and constant potential techniques are
implemented as the principle electroanalytical techniques. Cyclic voltammetry was
employed across the range of -0.2 to 0.5 V at 50 mV.s™!, while constant potential
techniques were set at E;,p, = 0.1, 0.25 and 0.5 V under different time or maximum charge
parameters. A bespoke electrochemical cell was fabricated for visualisation techniques on
the ammunition casings (Figure 6.2). This allowed the ammunition casing to act as the
working electrode, within the 3-electrode cell with an approximate distance of ~1.5 cm

between WE and CE.
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~ Counter
Electrode

e

Copper Wire
Connection to
Working Electrode

B ’ “"
7

Figure 6.2: Photograph of three electrode cell set-up with ammunition casing acting as the

working electrode.

6.3.3.7 Reflectance Microscopy

Reflectance microscopy was performed in a dark room with the only light available to the
subject being that from the microscope lamp. The camera attached to the microscope
contained a magnification setting, which allowed a minimum magnification of x1000.
Due to the high magnification, for more representative images of the finger-marks,
imaging through the eyepiece was employed with a camera to allow for the x50

magnification.

6.3.3.8 X-Ray Photoelectron Spectroscopy

Samples of brass with electrochemically deposited films were analysed by Dr. Fattima
Laffir at the Bernal Institute within University of Limerick. Samples of brass sheets were
prepared via potential sweeping over the range of -0.2 to 0.5 V at 50 mV.s™! for 3 cycles
in a solution of 1 mM thionine acetate and 2 mM EDOT with thionine acetate made up in

0.1 M NaNO:s.
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6.3.3.9 Examination of Heat Degradation on Finger-mark visualisation

Using a Gallenkamp, size 2, Muftle Furnace, temperature was set and allowed to stabilise
over the course of an hour. The temperature was taken with a thermocouple inserted into
the furnace. Once the desired temperature was reached, the furnace was left for a further
twenty minutes to ensure homogeneous heat within the entire chamber. This was to ensure
the initial temperature was representative of the entire chamber. Finger-marks were
applied in the same manner as that described for either the sebaceous or eccrine mark
procedures. The sample was then placed into the chamber and a timer was commenced
once the door was closed. Once the required time was complete, the sample was removed

with tongs and left to rest and cool down on a piece of ceramic.

6.3.3.10 Examination of the effect of Aging Process of Finger-mark

Both natural finger-marks (contact of the finger to the surface without any preparation)
and a groomed sebaceous finger-marks were collected from various donors on flat brass
surfaces. These finger-marks were stored in a cool dry place away from direct light. The
area was not temperature or humidity controlled. The samples were then tested at the 5

month and 16-month time period.

6.3.3.11 Scoring of Visualised Finger-marks

Scoring of the visualised finger-marks was performed, focusing solely on the level of
features observable, with the common level of features being between 1-3. To have a more
quantifiable values, additional levels were added. These half levels (1.5 & 2.5) were
employed when some of the features of the upper level were observed, though not
sufficient to classify as that level (apparent in > 50% of finger-mark). As a result, finger-
mark visualisation which resulted, for example, in only 2-3 visible pores was not given
the same weighting as a method which produced a finger-mark with level 3 features

throughout the mark.

6.3.3.12 Finger-mark photography

Finger-mark photographs were taken using a phone camera under a set of conditions as

seen in Figure 6.3. The light may have been manoeuvred for clarity of the end
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photograph, however, all efforts were made to keep a consistent photography process, to

ensure fair comparison between visualised finger-marks.

Figure 6.3: Photograph of photographic set-up of imaging for visualised finger-marks.

Colour manipulation was employed to create images of higher clarity, by changing
brightness, temperature, contrast, and saturation levels of the image. No image
manipulation such as filling in blank spaces with assumed features or merging multiple

images to create a composite finger-mark was employed in this work.

6.4 Results and Discussion

6.4.1 Screening of Monomers and Combinations for Effectivity of Visualisation

6.4.1.1 Cyclic Voltametric Methods for Finger-mark Visualisation

All initial depositions were performed on freshly cut brass sheets, which had only
undergone an initial cleaning step (ethanol rinse and jet of compressed air), to ensure any
material which may have been deposited on the surface during the cutting process was
removed. As with the electrochemical results discussed in Chapter 5, the
voltammograms produced when the brass sheets underwent potential cycling did not

indicate any uniquely identifiable redox features. The shape of the voltammogram was
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attributed mainly to the electrochemical properties of brass!®. The addition of a latent
finger-mark did not alter the electrochemical results of the brass in any of the solutions
tested. Crossover potentials, or the onset potential of the reduction process, did not
develop to a noticeable degree when comparing untouched brass to a surface with a latent
finger-mark present. In some instances, a notable change in the maximum cathodic
current reached was observed, however, this value did result in some variability between

replicates in addition to the hand cut nature of the brass sheets (Figure 6.4).
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B > - E
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-0.3 0.2 -0.3 0.2
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Figure 6.4: Cyclic voltammogram of a brass sheet A) without and B) with a latent finger-mark in
2mM EDOT and 1 mM NR in 0.1 M NaNO; over the potential range -0.2 to +0.5 V vs. Ag|AgCl
at 50 mV.s™ for three cycles (Cycle 1: black, Cycle 2: red and Cycle 3: blue-dash) (typical traces).

Visualisation of a groomed finger-mark was performed in triplicate, via cyclic
voltammetry across the range of -0.2 to 0.5 V at 50 mV.s™! for 3 cycles in each solution
and mixture. In Figure 6.5 and Figure 6.6, each of the visualised finger-marks are

presented as high contrast black and white images with the specific test solution.
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A) NaNOs

B) EDOT

C) Th

D) NR

Figure 6.5: High contrast photographs of latent finger-marks visualised at a brass sheet via cyclic
voltammetry over the potential range -0.2 to +0.5 V vs. Ag|AgCl at 50 mV.s™ for three cycles in

A) 0.1 M NaNOs, and subsequent monomer solutions of 0.1 M NaNO; with B) 2 mM EDOT, C) 1
mM Th and D) 1 mM NR.
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A) EDOT-NR

B) EDOT-Th

C) NR-Th

Figure 6.6: High contrast photographs of latent finger-marks visualised at a brass sheet via cyclic
voltammetry over the potential range -0.2 to +0.5 V vs. Ag|AgCl at 50 mV.s™ for three cycles in
0.1 M NaNOs with mixed monomer solutions of A) EDOT-NR (2:1 mM), B) EDOT-Th (2:1 mM),
C) NR-Th (1:1 mM).

In all instances finger-marks were successfully visualised in triplicate, using the CV
method at the brass surface. In Table 6.1 a cross comparison of levels of detail obtained
from the visualisation methods is presented. Th was the most successful individual
monomer, providing marks with an average of level 2.5 details observed post
visualisation. All monomer mixes produced much more visually reproducible
visualisations, with an average level feature of 2.3 for the EDOT-NR and NR-Th mixtures
while EDOT-Th resulted in an average level feature of 2.5. Upon examination of the
individual values within each set, EDOT-Th appeared to have the highest likelihood of
level 3 features from visualisation, while NR-Th appeared to be the least reproducible,

with both maximum and almost minimum visualisation of the finger-marks.
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Table 6.1: Comparison of level features obtained from the visualisation of a groomed latent finger-
mark on a brass surface in various solutions via cyclic voltammetry.
Solution Level of Level of Level of Average level of feature in
Feature in Feature in Feature in Finger-Mark

Finger-mark 1  Finger-mark2 Finger-mark 3

NaNO:s 2.5 2.5 1 2
EDOT 1.5 2.5 2 2
Th 3 3 1.5 2.5
NR 1.5 2.5 2 2
EDOT-NR 2 3 2 23
EDOT-Th 2.5 2.5 2.5 2.5
NR-Th 3 1.5 2.5 23

A closer look at the visualised finger-marks with the use of reflectance microscopy
followed. This involved taking the most successfully visualised finger-mark from each
method and observing the core at a magnification of x1000. In Figure 6.7 each of these
cores are seen; the general images of the cores contain 4 visible ridges, if counting 1-4
left to right. Ridge 1 and 2 are connected and would be classified as the exact core of the
finger-mark, these ridges contain 5-6 pores across in total. Ridge 3 was a ridge ending
containing a single pore just at the end of the ridge and ridge 4 continues the overall

finger-mark pattern containing a possible 2-3 pores down its length.

EDOT visualisation (Figure 6.7 (A)) at x1000 magnification produced highly textured
ridges (diameter approximately 450 pum) with a mixture of deposited material (dark area)
and protected surface (light area) across the entirety of the ridge. Pores were somewhat
visible but did not appear to have definitive shapes and there was “bleed” into the ridges.
This also appeared to affect the ridge edges with ridge 3 and 4 appearing to be connected,

removing the ridge ending characteristic from ridge 3.

Th visualisation (Figure 6.7 (B)), interestingly, appeared to have increased the sizes of
the pores within the ridges, almost appearing as corridors within the ridges (ridge
diameter approximately 450 um, pore diameter approximately 150 um). This could easily
be mistaken for additional ridges if the endings or connection points were not visible at
this location. This may be the reason why level 3 features were so prominent within this

visualisation technique when photographed with a standard camera. Definition of the
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ridge edges was successful and while the area between the ridges was small
(approximately 50-100 um), the contrast between protected metal surface (light area) and

deposited material (dark area) was large enough to define the boundaries.

With NR (Figure 6.7 (C)) visualisation at this magnification appeared to generate ridge
detail at a fine level, while the boundary of the ridge to the metal surface (light to dark
respectively) appeared rough or textured, the shape or curvature of the ridge was still
visible. Fingerprints are not perfectly straight lines on the fingers; therefore, visualisation
may be more representative of the fingerprint which applied the mark (diameter
approximately 150 — 300 um). Pores within the ridges were well defined with the same
contrast as the metal surface, indicating that the pore was in fact an area of no contact and

thus capable of having material deposited onto it.

EDOT-NR (Figure 6.7 (D)) produced a visualised mark which in some cases was difficult
to see. Ridge details with defined boundaries were visible. However, it appeared that the
pores within the ridges break the ridge creating lagoon-like structures, making

characterisation of the ridge shape difficult when a pore was present.

EDOT-Th (Figure 6.7 (E)) produced immaculate visualisation of the ridges with crisp
ridge boundaries and defined ridge and pore shape throughout the core. The fine details
observed in this visualisation asks the question whether one of the pores on ridge 1 was
actually a ridge break, which could not be seen with the other methods and whether there

was a small lake feature on ridge 4, previously thought to be a pore.

NR-Th (Figure 6.7 (F)) also produced ridges of fine detail similar to that produced with
NR alone. Pores within the ridges are defined, as is the boundary between the ridge and
the metal surface. One issue was the apparent smudging of the ridges; however, this may
have been due to the application process of the finger-mark and not the visualisation

method.

Considering both the print contrast and clarity of the cores, split print comparison was
performed with EDOT-Th and NR-Th selected as likely candidates for the optimisation
of methodologies. Th alone was also promising. In order to achieve a closer comparison
of these methods, the split print method (using two brass sheets) of comparison was

performed, removing the variability of the mark application and allowing for the
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visualisation methods to be compared directly via the quality of visualisation without the

variation in the finger-mark.

Figure 6.7: Photographs of microscope images (x1000 magnification) of finger-mark cores
visualised at a brass sheet via cyclic voltammetry over the potential range -0.2 to +0.5 V vs.
Agl|AgCl at 50 mV.s™ for three cycles in 0.1 M NaNOj; containing the monomers A) 2 mM EDOT,
B) 1 mM Th, C) 1 mM NR and the mixed monomer solutions of D) EDOT-NR (2:1 mM), E) EDOT-
Th (2:1 mM) and F) NR-Th (1:1 mM).

Table 6.2 shows the complete overview of comparative visualised finger-marks. The split
print method produced the first cases of unsuccessful visualisation (deemed level 0) at
the brass surface. NaNO3 and NR-Th solutions in some cases, did alter the colour of the

surface of the brass, however, they did not produce visualisation to the point where the
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general pattern (loop, arch, whorl, etc.) was discernible. Th and EDOT-Th solutions were
the most successful methods as they resulted in visualisation of partial level 3 features
(level 2.5). Reproducibility of the finger-mark visualisation with the split prints was
noticeably different to that of the full finger-mark visualisation previously discussed, with
NaNOs having an average of level 1.00, NR-Th an average of level 1.17, Th an average
of level 1.83 and EDOT-Th an average of level 1.67.

Table 6.2: Table of results from the split print method of application of finger-marks visualised

via cyclic voltammetry.

Print Left Right Image High Contrast Image
1 EDOT-  NaNOs

Th Level 1

Level 2-3

2 Thionine @ NR-Th
Level 2-3  Level 2

3 EDOT- NaNO3
Th Level 2
Level 1

4 NR-Th Th
Level 1-2  Level 2

275



Chapter 6: Visualisation of Latent Finger-marks on Brass Surfaces

Print Left Right Image High Contrast Image
5 NR-Th EDOT-
Level0  Th
Level 1-
2

6 NaNOs3 Thionine
Level 0 Level 1

7 Thionine EDOT-
Level2-3 Th
Level 2-
3

8 NaNO;3 NR-Th
Level 1 Level 0

The sudden variation within the average level of features visualised may be attributed to
the new position of the finger-marks on the surface. When the finger-marks were placed
entirely on the surface, they were positioned within the centre of the brass strip, while in
this case they were placed at the edge of the brass sheet to allow for the single finger-
mark to be on multiple strips. While the exact rationale for this variation was not fully

understood, two theories can be presented.

Firstly, the proximity of the finger-marks to the counter electrode had altered slightly.
Initial optimisation of the set of electrodes within the cell, found that a close proximity of
the counter electrode to the surface improved the visualisation quality. However, if the

counter electrode was too close, the gaseous release at the upper potentials of the cyclic
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method (Ef => 0.3 V) would allow for bubbles to adhere to the surface of the brass, thus
producing an area in which no visualisation occurs. While the counter electrode was in
the normal position for the cell setup, the finger-marks were now slightly further away,

and this may have influenced the visualisation quality.

Another parameter which may have changed the finger-mark visualisation could also be
due to the new positioning of the finger-marks. As the finger-marks are now at the edge
of the strip, they are positioned right next to the freshly cut sides of the brass sheets. As
mentioned in the previous section, the process of dezincification occurs during
electrochemical measurements, and surface topology would be much more complex, due
to the manual cutting process with the tools used in this methodology. A sheering method
of cut introduces multiple changes to the surface parameters such as flatness, roughness

and may also introduce micro-fractures within the surface as well'*

. This produces a
much higher surface area than would be previously expected based on the geometric area.
Concurrently, this surface would also have had less time to react to produce surface oxides
allowing for a more active surface, which when undergoing the stresses of
electrochemical analysis, may have expedited the dezincification process. This may result
in areas of high activity and metal ion movement, perhaps interfering with the deposition
process of the materials. While unexpected, the change in parameters did shine a light on
the robustness of the methods currently employed and prompted reflection upon the end
goal of the methodologies being developed within this work. The use of solutions of Th
and EDOT-Th appear to be able to deal with variations more effectively than the other

solutions employed. Deposition of these species produced the highest average level

features on the full print and once more on the split prints.

In order to further understand what may be happening at the surface once deposited, XPS
was employed using brass sheet samples modified electrochemically within 1) Th and i1)

EDOT-Th solutions using the optimised cyclic voltametric method.

6.4.1.2 X-Ray Photoelectron Spectroscopy of a Brass Surface Post Visualisation Methods

As in the previous chapter (Chapter 5) XPS analysis was utilised to further understand
what materials may have been deposited on the brass surface. With Th and EDOT-Th

being the most successful solutions in the visualisation of latent finger-marks on the brass
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surfaces, deposition was performed via the previously used cyclic voltametric method

over the range of -0.2 to 0.5 V at 50 mV.s™! for 3 cycles.

In Figure 6.8 (A) the binding energies of nitrogen are observed, with both Th and EDOT-
Th showing two nitrogen responses at 398.4 and 399.8 eV, with the lower being
representative of the C=N of a phenazine ring and the upper of a N-C, possibly of aromatic
nature'>, such as the amine groups attached to the ring structure of the phenothiazine core
of thionine. The presence of these responses in both the Th and EDOT-Th cycled surfaces
indicated that Th was still deposited onto the surface when combined with a different

species in solution.

The more interesting of the elemental differences between the deposited materials from
the different solutions was the sulphur composition at the surface. Both monomers of
interest contain sulphur within the molecular structures but these responses (Figure 6.8
(B)) varied slightly. The lower end of the binding energies observed gave indications of
copper and zinc interactions with the sulphur, with the matches shown below in Table

6.3.

The quantification scan of the atoms at the surface (Figure 6.8 (C)) shows the variation
of the elemental composition of the surface when compared to the bare brass and NaNO3
cycled samples originally observed in Chapter 5. The increase in sulphur was clearly due
to both sulphur containing compounds of Th and EDOT, while the slight increase in the
zinc presence may be due to these sulphur zinc interactions (Table 6.3). Most notable is
the variation in the copper persistence at the surface when Th alone was deposited. As
described in the previous chapter (Section 5.4.2), the dezincification process results in an
increase in copper concentrations at the surface of the brass once cycling has occurred.
One potential explanation for the increase of copper is its removal and subsequent
redeposition. During the removal it is proposed that free copper cations are present in
solution which, during the visualisation process (cyclic voltammetry) allows Cu-S bonds

to form!®, with copper ions acting as a catalytic site 7.

This increase in the copper persistence may indicate a more available form of sulphur
within the thionine subunits of the deposited material compared to material generated
from electrochemical methods with EDOT-Th solutions. While not confirmed as yet,

these results indicated a clear change in the structure of the material deposited and perhaps
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if a polymeric/oligomeric film is produced, it may contain unreacted monomer units of

both species.
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Figure 6.8: XPS graphs from brass surface following cyclic voltammetry over the potential range
-0.2 to +0.5 V vs. Ag|AgCl at 50 mV.s™ for three cycles in 0.1 M NaNO; with EDOT-Th (solid
lines) and Th (dashed lines), showing the binding energies of A) Nitrogen and B) Sulphur. C)
Histogram showing the elemental % atomic quantification at surface for untreated brass (black)
and brass surface following cyclic voltammetry over the potential range -0.2 to +0.5 V vs.
AglAgCl at 50 mV.s™ for three cycles in 0.1 M NaNOs (red), 2 mM Th (purple) and EDOT-Th (2:1
mM)(green).
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Table 6.3: Identity of some sulphur binding energies found with Th and EDOT-Th deposition
layers on a brass surface.

Binding Energy  Spectral Line Identity Reference
161.8 2psn Sulphide - CuS 18
161.9 2p3n Sulphide - ZnS 19
162.0 2p3n Sulphide - CuS 20
163.1 2p1n CuFeS; 2

6.4.2 Potentiostatic Methods for Finger-mark Visualisation

In the previous sections, successful visualisation was achieved with the cyclic
voltammetric methods. However, the proposition of a simplified method of visualisation
would appeal more to forensic professionals, which in turn would require less complex
instrumentation. A method which can be attractive to forensic professionals who may not
have experience in electrochemistry is advantageous. Hence, a potentiostatic method

where E;,, = 0.5 V was employed with subsequent investigations below.

This potential (0.5 V vs. Ag|AgCl) was selected as it was the maximum potential reached
in the cathodic sweep of the cyclic voltametric methods. A brass surface, without a latent
finger-mark, was then held at 0.5 V in solutions of NaNO3, Th and EDOT-Th until charges
of 1, 5 and 10 C were passed (Figure 6.9).

16
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O 08 f 5C
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Figure 6.9: Charge density vs. time plot for brass sheets held at E,,, = +0.5 V vs. AglAgClin 1
mM Th with 0.1 M NaNOs until a charge of 1 (black), 5 (red) and 10 (blue) C was reached.
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In Table 6.4 the results of the investigation are displayed, with a clear indication that a
charge of 1 C does not change the surface enough while 10 C induces loosely bound

material to the brass surface which may hinder visualisation of a latent finger-mark.
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Table 6.4: Data from survey of E

app
NaNOs

Charge Maximum Charge
©) Density (C.cm™)

1 0.174

5 0.836

10 1.657

Thionine Acetate

Charge  Maximum Charge
© Density (C.cm™)

1 0.179

5 0.786

10 1.481

EDOT-Th

Charge Maximum Charge
(©) Density (C.cm™)

1 0.015

5 0.759

10 1.666

= 0.5 V at brass sheets in different visualisation solutions.

Time to reach
Charge (s)
4.44

26.53

10.37

Time to reach
Charge (s)
2.18

18.05

24.66

Time to reach
Charge (s)
3.53

13.98

27.79

Surface description

Mild colour change on surface
easily removed.

Strong colour change on surface
with no change in surface texture
Deep colour change on surface,
with increase of texture and

easily removable material.

Surface description

Mild colour change on surface
easily removed

Strong colour change on surface
with no change in surface texture
Deep colour change on surface,
with increase of texture and

easily removable material.

Surface description

Mild colour change on surface
easily removed

Strong colour change on surface
with no change in surface texture
Deep colour change on surface,
with increase of texture and

easily removable material.
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It was concluded that films formed upon passage of 5 C resulted in the most successful
deposition of material, with minimal damage to the brass surface. To further optimise the
deposition parameters, films formed via 4, 5 and 6 C were selected to observe the effect

they had on visualisation quality of latent finger-marks on the brass sheets.

In the solution of NaNOs3 at 4 C (Figure 6.10 (A)) an even coverage was seen across the
bare surface, ridge detail was clear with a purple/blue hue seen between the ridges. Using
dark field polarisation, the clarity of the pores was more pronounced within the ridges,
however, they were larger in size than expected. Using 5 C (Figure 6.10 (B)) the bare
surface appeared more textured than previously observed at 4 C, a blue hue was observed
between the ridge details and indicative pores (level 3) were observed within the ridges.
This was also evident in the dark field polarisation images, which made the ridges and
troughs appear much more defined. At 6 C (Figure 6.10 (C)) the surface was much more
highly textured, with instances of what appeared to be material agglomerated onto the
surface. The ridge details appeared to show a purple/red hue within the trough and in both
the regular and dark field polarisation images. The pores within the ridges appeared to
“bleed” to a large degree, particularly at the upper end of the core feature imaged, losing

some of the clarity which would have been expected with these level 3 features.
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A) 4 C films in 0.1 M NaNOs3
Bare surface Ridge detail Dark field

B) 5 C films in 0.1 M NaNOs3
Film Ridge detail

O) 6 C films in 0.1 M NaNQO3
Film Ridge detail Dark field

Figure 6.10: Photographs x100 magnification of untouched surface, ridge details and dark field
of a visualised latent finger-mark visualised upon Eqp = +0.5 V vs. Ag|AgCl in 0.1 M NaNO3
until a charge of A) 4, B) 5 and C) 6 C was reached.

When visualised in the Th solution, following the passing of 4 C (Figure 6.11 (A)) the
bare surface was uniform, like that observed in the NaNOs. The detail between the ridges
appeared with a purple/blue hue and the pores within the ridges appeared to “bleed” into
each other, almost making it appear as if the ridges were hollow channels. In the case of
5 C films (Figure 6.11 (B)), the bare surface did appear to have an even coverage with

some instances of material agglomerated across the surface. The ridge detail showed a
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much more defined distance between the ridges than observed in the case of 4 C, however,
there was a loss of some definition in the pore shapes along the ridges. Passage of 6 C
(Figure 6.11 (C)) produced a highly textured surface, which could be described as

“rough”. Definition between the ridges were very clear and defined, however, pore

features along the ridges were not observed.

A) 4 C film in 1 mM Thionine Acetate in 0.1 M NaNO3

Film Ridge detail Dark field

B) 5 C film 1 mM Thionine Acetate in 0.1 M NaNO3
Film Ridge detail Dark field

O) 6 C film in 1 mM Thionine Acetate in 0.1 M NaNO3
Film Ridge detail Dark field

Figure 6.11 Photographs x100 magnification of untouched surface, ridge details and dark field
image of a visualised latent finger-mark visualised with Eq,p = +0.5 Vvs. AglAgClin 1 mM Th in
0.1 M NaNOs until a charge of A) 4, B) 5 and C) 6 C was reached.
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The final solution of EDOT-Th produced an even coverage at the bare surface for all
charge values tested. Development of ridges using 4 C (Figure 6.12 (A)), appeared
successfully defined, with a blue hue observed between the ridges and indicative presence
of pores within the ridges. In the case of 5 C (Figure 6.12 (B)) this produced excellent
definition between the ridges, with indicative pores, while also introducing a red hue
across the defined ridge detail. The implementation of 6 C films (Figure 6.12 (C)),
produced ridges, from which the general shape of the detail could be obtained, however,
clear definition between the ridges was not visible. Extensive bleeding of the pores was

also observed along the ridge pattern.
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A) 4 Cfilm in 1 mM Thionine Acetate and 2 mM EDOT in 0.1 M NaNO3
Film Ridge detail Dark field

B) S Cfilmin 1 mM Thionine Acetate and 2 mM EDOT in 0.1 M NaNO3
Film Ridge detail Dark field

0 6 C film in 1 mM Thionine Acetate and 2 mM EDOT in 0.1 M NaNQO3
Film Ridge detail Dark field

Figure 6.12 Photographs x100 magnification of untouched surface, ridge details and dark field
image of a visualised latent finger-mark visualised with E,p, = +0.5 V'vs. AglAgClin 2 mM EDOT
with I mM Thin 0.1 M NaNOs until a charge of A) 4, B) 5 and C) 6 C charge was reached.

Throughout the results of this constant potential study, use of a charge of 5 C appeared to
be the most successful cutoff point, while once more, EDOT-Th produced the clearest
visualisation of the ridge detail within the finger-mark. While still not achieving the
clarity observed with some of the cyclic methods, the indicative pores would be deemed
successful for individual matching purposes, although diameter could not be used as a

comparative aspect.
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While the simplification of the method appeared to be successful, upon application of 0.5
V, some gaseous release was observed at the counter electrode, with the possibility of
bubble adsorption to the brass surface. This can decrease the effectiveness of the finger-
mark visualisation, as the bubbles would leave circular areas on the surface which did not

undergo visualisation.

Applied potentials of 0.25 and 0.1 V were thus examined for /= 60 seconds, to observe
whether gaseous production at the counter electrode diminished while simultaneously

achieving successful visualisation of a latent finger-mark.

In Figure 6.13 a latent finger-mark, visualised at E,,,, = 0.25 V for 60 seconds in the
EDOT-Th solution is shown. The method produced a finger-mark with level 2 details
present and a highly contrasted finger-mark, comparative to the deposited material.
Unfortunately, gaseous release still occurred at the counter electrode, and therefore the

potential was lowered further to 0.1 V.

Figure 6.13: Photograph and high contrast image of latent finger-mark on a brass surface
visualised in 2 mM EDOT and 1 mM Th in 0.1 M NaNOs at Eq,, = +0.25 V vs. Ag|AgCl for 60 s.

When initially holding at Egp,, = 0.1 V for 60 seconds, minimal visualisation occurred,
however, the indicative presence of a latent finger-mark and no gaseous generation at the
counter electrode prompted lengthening the time as a next step. In Figure 6.14 latent

finger-marks visualised after E,p,, = 0.1 V for 120 seconds are shown, with clearly

defined ridge details and level 2 features across the entire finger-mark.
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Figure 6.14: Photograph and high contrast image of a latent finger-mark on a brass surface
visualised in 2 mM EDOT and I mM Th in 0.1 M NaNOs at Eqyp, = +0.1 Vvs. Ag|AgCl for 120 s.

With the successful decrease in applied potential and removal of gaseous production at
the counter electrode, the method was repeated in just the supporting electrolyte 0.1 M
NaNO:s to ensure that the EDOT-Th did in fact play a role in the successful visualisation
of the latent finger-mark (Figure 6.15). While successful visualisation did occur, it was
clear that the contrast between the visualised finger-mark and the brass surface was not
as clear as when visualised in the solution of EDOT-Th. This resulted in level 2 features,
however, appearing more fragmented with less contrast before colour corrections were

applied.

Figure 6.15: Photograph and high contrast image of a latent finger-mark on a brass surface
visualised in 0.1 M NaNOsat Eqp, = +0.1 Vvs. Ag|AgCl for 120 s.

Throughout the entire process, the monomer combination of EDOT-Thionine acetate

resulted in the most reproducible visualisation of the highest quality, with an average of
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level 2.3 details being observed across multiple finger-mark visualisations. This was the

selected solution for further analysis with more challenging latent finger-mark samples.

6.4.3 Visualisation of Analogous Real Case Latent Finger-marks

With all practical research, the end goal or “use case” must be kept at the forefront of the
mind when examining samples. Unfortunately, the scope of this work did not allow for
the application of a latent finger mark to live ammunition and subsequent firing to observe

the efficacy of the visualisation methods proposed.

To understand the robustness of the method proposed, samples had to be degraded by
influential parameters which forensic professionals may come across in their professional
lives. As mentioned previously in the introduction, two of the factors which may hinder
the visualisation methods are the time or age of the latent finger-mark on the surface, and
the potential degradation of the sample due to the heat experienced during the discharge

of the firearm.

6.4.3.1 Visualisation of Aged Finger-marks

With nearly all analytical forensic techniques, the time that has passed between the
“event” and the analysis is a major contributing factor to the efficacy of the method.
Natural degradation, contamination, dilution and destruction of evidence all increase in
likelihood the longer it takes a sample to be analysed. One aspect examined was the
natural degradation of the sample, as latent finger-marks were applied to brass surfaces
and stored at room temperature in a dark and dry place for two distinct time periods i.e. 5

and 16 months.

Finger-marks were supplied by eight donors (taken at random due to availability) and two
samples were obtained from each donor, a “natural” finger-mark which was acquired from
the donors’ hand when asked to supply the mark and a subsequent groomed finger-mark.
These finger-marks were obtained from both male and female donors, as it is observed
that female finger-marks are more difficult to visualise than males. This is due, in part, to
the general size difference in the hands of both and subsequent increase in ridge density
compared to male hands??. This in turn makes the area available for deposition of material

smaller and likelihood for smudging of the finger-mark higher.
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Finger-marks stored for 5 months were applied via the split print method, in total 8 donors

submitted marks which were then visualised via the potentiostatic method of Ep,), = 0.1

V for 120 s (Figure 6.16).

Figure 6.16:Photograph and zoomed in high contrast image of visualised 5-month-old groomed
latent finger-mark at E,pp = +0.1 V vs. Ag|AgCl for 120 s split across two brass sheets showing,
left visualised in 0.1 M NaNOs and right visualised in 2 mM EDOT with I mM Th in 0.1 M NaNO:s.

Table 6.5 shows the level of features obtained from the visualised aged finger-marks.
Comparatively, electrolyte alone achieved an average level feature of 2.25 while the
EDOT-Th solution observed an average level feature of 2.38. While the average level
features observed for both solutions was quite similar, the solution of EDOT-Th never fell
below level 2 and boasted the greatest number of clear level 3 presence within the

visualisation of the latent finger-marks.
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Table 6.5: Level features observed from visualisation of 5-month-old latent finger-marks.

Donor Visualisation with Visualisation with

(Male(M)/Female (F)) NaNOs3 (level features EDOT-Th (level features

obtained) obtained)
1 (M) 2.5 2
2 (M) 2-3 3
3(F) 2 2
4 (M) 2 2
5 M) 2.5 3
6 (M) 3 2.5
7 (F) 1.5 2
8 (M) 2 2.5
Total average visualisation 2.25 2.38

With successful finger-mark visualisation observed at this time point, the next time point
of interest was 16 months. Figure 6.17 shows natural and groomed prints visualised with
the EDOT-Th solution. Aged latent finger-marks were successfully visualised both in the
groomed and natural forms from male and female donors. Level 2 features were observed
in all cases, with indicative level 3 features observed in the natural male finger-mark

(Figure 6.17 (A)) and groomed female finger-mark (Figure 6.17 (D)).

Comparatively, at the 16-month time point the visualisation performed in NaNO3 alone,
did not produce a single instance of level 3 features within the visualised finger-marks,
with a single instance of unsuccessful visualisation. However, this unsuccessful
visualisation was with a “natural” finger-mark, and the donor may have been a poor

producer of latent finger-marks.
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Figure 6.17: Natural (A and C) and groomed (B and D) 16-month-old latent finger-marks on a
brass surface visualised in 2 mM EDOT with 1 mM Th in 0.1 M NaNOs at E.,, = +0.1 V vs.
AglAgCl for 120 s.
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Table 6.6: Level features observed from visualisation of 16-month-old latent finger-marks

Finger-Mark Visualisation Solution Apparent Level of Detail
1 — Male, Natural NaNO3 2

2 — Male, Groomed EDOT-Th 2-3

3 — Female, Natural EDOT-Th 2

4 — Female, Groomed NaNO3 2

5 —Male, Natural EDOT-Th 2-3

6 — Male, Groomed NaNO3 2

7 — Female, Natural NaNO3 0-1

8 — Female, Groomed EDOT-Th 2-3

The time allotted for “aged” finger-marks on brass vary a great deal in the literature, with
successful visualisation reported via electrostatic adsorption of finger-marks on
ammunition casings which were 10 days old®®, cyanoacrylate fuming for natural and
groomed prints which were 2 weeks old** and silver electroless deposition on 6-week-old
finger-marks?. Lam et al. reported successful visualisation on a 22-week-old latent

finger-mark on ammunition casings via disulphur dinitride fuming.

Using electrochemical methods, Costa et al. reported successful finger-mark visualisation
up to 30 days for sebaceous marks and 15 days for eccrine marks with a constant potential
method of Eg;,p, = 0.9 V for 180 s°. The work presented in this thesis shows some of the
longest aged latent finger-marks (both groomed and natural) visualised by

electrochemical means when compared with current literature.
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6.4.3.2 Visualisation of Heat-Treated Finger-marks

While the heat generated from the discharge of a firearm varies significantly depending
on size and power of the firearm used, studies performed on small calibre firearms (which
would be more likely for street level crimes), can achieve temperatures of approximately
540 °C within the bore of the firearm?®. These temperatures could increase greatly if an
automatic weapon was employed, with multiple rounds being fired in a short period of
time. Anecdotally, temperatures of 260 °C have been observed within bullets being fired,
however, stringent testing on these temperatures have not been performed. Regardless of
this, temperatures of approximately 600 °C can be expected at the surface of the
ammunition casing for smaller calibre weapons with little change to the brass surface
composition (Figure 6.18), which will eventually cool over time. The initial explosion of
a the propellent lasts <1 ms, however, to fully stress test the latent finger-marks much

greater time periods were employed in this work.
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Figure 6.18: Phase diagram for brass with different compositions of copper and zinc, indicating
both types of brass used within this work.
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Groomed sebaceous latent finger-marks and groomed eccrine finger-marks were
employed within the temperature study, however, only the sebaceous finger-marks were
successfully visualised. This may be due in part to the high-water content which would
be present within eccrine sweat, meaning that all the material was removed from the

surface of the brass due to the high heat.

Initially latent finger-marks (n=4) were held at 100 °C for 25 minutes. This was carried
out to ensure that all the water present within the finger-mark was removed. Figure 6.19
shows a visualised finger-mark, where there was a lack of clear contrast to the ridges and
troughs within the finger-mark observed under these conditions. The length of time
employed may have allowed the sebaceous material to spread out slightly thus deforming
the tight ridge lines and decreasing the space between the ridges. Regardless of this issue,
level 2 features were still visible within the finger-marks, which, with enough points of

comparison, would still allow for a match with a reference finger-mark.

Figure 6.19: Photograph and high contrast image of latent finger-mark visualised in 2 mM EDOT
with 1 mM Th in 0.1 M NaNO; at E.p, =+0.1 V' vs. AglAgCl for 120 s post heating to 100 °C for
25 minutes.

The next temperature employed was 300 °C, with successful visualisation obtained up to
level 2 (Figure 6.20) features in all samples (n=4). The shorter time employed than the
previous temperature allowed for the visualised finger-marks to regain the clear definition

between the ridges.
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Figure 6.20: Photograph and high contrast image of latent finger-mark visualised in 2 mM EDOT
with 1 mM Thin 0.1 M NaNOs at Eq,p = +0.1 Vvs. AglAgCl for 120 s post heating to 300 °C for
0.5 minutes.

The final temperature which was employed was 700 °C. This temperature visually altered
the brass surface before visualisation to a silver colour. Observationally, temperatures of
the furnace dropped dramatically when the door was open while placing the samples
within; in some instances, the temperature would drop to 690 °C. In those instances, the
silver colour at the surface was not achieved, and so it appears that brass can be annealed
at temperatures of 700 °C, a process which was employed to change the structure of the
brass to make it stronger. When samples were correctly heated to 700 °C, it is assumed
that a structural change at the upper surface of the brass occurred with this partial
annealing process changing the brass. Latent finger-marks were not visible once the
sample was removed from the furnace, however, potentiostatic visualisation produced

visualised latent finger-marks as shown in Figure 6.21

Finger-marks of clear level 2 features were achieved three times, while in one instance an
indicative finger-mark was observed which would not even be classified as level 1

features, as the overall shape of the finger-mark was unclear.
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Figure 6.21: Photograph and high contrast image of latent finger-mark visualised in 2 mM EDOT
with 1 mM Thin 0.1 M NaNOs at E.p, = +0.1 Vvs. AglAgCl for 120 s post heating to 700 °C for
0.5 minutes.

Table 6.7: Overview of level features achieved from heat treated latent finger-marks on brass.

Temperature Held at Time held for Level features achieved Avg. Level of features
100°C 25 minutes -2 2 2 2 1.88
300°C 0.5 minutes -2 12 2 2 1.75
700°C 0.5 minutes 0-1 12 2 2 1.50

Temperature degradation studies of latent finger-marks have been reported in the
literature in a wide variety of scenarios. Latent finger-marks on the surface of lightbulbs
which were allowed reach temperatures of 156.3 °C have been successfully visualised
with black powders®’. Bleay et al. reported successful visualisation of latent finger-marks
on brass via cyanoacrylate fuming with basic yellow 40 dye and gun blueing methods
after reaching temperatures of 600 °C for 5 minutes®. The application of high
temperatures to metal surfaces has also been investigated as a visualisation technique,
using the protective nature of the latent finger-mark to hinder surface oxidation creating
a contrast at the metal surface. There have also been reports of enhanced visualisation of
a grade 2 finger-marks on a brass surface heated to 600 °C %°. Girelli et al. performed an
intensive investigation into the visualisation of latent finger-marks on ammunition casing
which had fired with the mark present before firing, using brass sheets heated to 200 °C
as the control, reporting successful visualisation with a cyanoacrylate, gun blueing and

fluorescent dye method for groomed prints applied to both surfaces*’. To our knowledge
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there are no reports in the literature of electrochemical methods used to develop heat
degraded latent finger-marks on a metallic surface. Overall, finger-marks were visualised

up to the temperatures expected during firing of ammunition.

Across multiple types of challenging finger-mark samples, EDOT-Th was successful in
generating visualised finger-marks of high quality via a potentiostatic approach with E,,,
= 0.1 V for 120 seconds. In the case of data generated it is understood that there is an
inherited variability to the deposition of these finger-marks, due to numerous factors,
mainly the donors. Some people are just naturally better at producing latent finger-marks,
or one may deposit a “better” finger-mark once and subsequently have the quality of the
mark drop on subsequent depositions. However, this study is an important stepping stone

towards the validation of this methodology.

6.4.4 Visualisation of Finger-marks on Ammunition Casings

While a potentiostatic method was optimised for brass strips, it is important to note that
the composition of cartridge brass differs slightly from the CZ108/CWS508L utilised in
previous studies. To gain a comprehensive understanding of influence of the ammunition

casing, both cyclic voltammetric methods and potentiostatic techniques were employed.

Given the success of the EDOT-Th solution with brass strips, this solution was selected
for the studies involving ammunition casings. The change in surface curvature prompted
the incorporation of additional grading vectors in the assessment of visualised finger-
marks on ammunition casing surfaces. This adjustment was necessary due to the higher

likelihood of smudging on the curved surface compared to the flat brass surface.

Furthermore, considering the method of application, two finger-marks were applied to the
ammunition casing, as illustrated in Scheme 6.2. In all instances successful visualisation
was closely linked to the proximity to the counter electrode; however, partial

visualisations were achievable in some instances.
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6.4.4.1 Electrochemistry of Brass Ammunition Casings

In a continuation with the previously successful visualisation method, a potentiostatic
method with E,,, = 0.1V for 120 seconds was employed for groomed latent finger-marks
on a brass ammunition casing surface. In Figure 6.22 a representative finger-mark was
observed, of grade 3 containing level 2 features. Table 6.8 shows the quality of prints
produced (n=4). Overall, the potentiostatic method of E,,;, = 0.1 V, was successful in the
visualisation of the finger-marks. However, level 3 features were not visualised within

any of the replicates.

Figure 6.22: Photograph and high contrast image of latent finger-mark on a brass ammunition
casing visualised at Eqpp = +0.1 V vs. AglAgCl for 120 s in 2 mM EDOT with 1 mM Th in 0.1 M
NaNO3.
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Table 6.8: Results of replicates of visualisation in EDOT-Th solution with E ,,,, =0.1 V for 120 s.

app
Visualisation Observed Grade Observed level of detail
1 3 2
2 2 1.5
3 3 2
4 3 2

In order to establish whether level 3 features could be observed within visualised finger-
marks on brass ammunition casings, the previously successful method of cyclic
voltammetry was employed. Initial methods across the range of -0.2 to 0.5 V at 50 mV.s
! employed 3 cycles for successful visualisation. However, initial exploration with this
method, revealed partially visualised finger-marks, with little contrast between the brass
surface and the finger-mark. To improve contrast, an increase in the number of cycles was
examined (from 3 to 6 cycles), aligned with the doubling of time which proved beneficial
for the potentiostatic method at 0.1 V. Upon changing this condition, some of the most
impressive, visualised finger-marks were observed. In Figure 6.23 a latent finger-mark
visualised in a solution of EDOT-Th over the potential range -0.2 to 0.5 V at 50 mV.s™!
for 6 cycles is shown. Within this mark of clear grade 4, level 3 features were observed
across the entire finger-mark. Pore details along the ridge structures are clear, even with

the coloured photograph without the need for colour manipulation.
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Figure 6.23: Visualised latent finger-mark on ammunition casing using cyclic voltammetry over
the potential range of -0.2 to +0.5 V vs. Ag|AgCl at 50 mV.s™ for 6 cycles in 2 mM EDOT with 1
mM Th in 0.1 M NaNO:.

Successful visualisation was even observed with the secondary finger-mark on the casing
(thumb print on opposite side of index print). In Table 6.9 the visualising results within
replicates (n=4) are presented. High quality visualised finger-marks were observed across
all replicates, indicating that the method employed was extremely successful in the

visualisation of these latent finger-marks.

Table 6.9: Results of replicates of visualisation in EDOT-Th solution via cyclic voltammetry.

Visualisation Observed Grade Observed level of detail
1 4 3
2 4 2-3
3 4 2-3
4 3 2

Owing to the constrained supply of ammunition casings, it was not feasible to conduct an
in-depth study as originally intended. However, a visualised finger-mark of the highest
possible quality was obtained from the cyclic voltammetric method conducted on the

surface of brass ammunition casings. The findings presented here represent highly
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encouraging initial steps towards the complete development of a rapid latent finger-mark

visualisation technique.

6.5 Conclusion

Various electrochemical methods were employed to visualise latent finger-marks on a
diverse range of brass surfaces. The study focused on solutions containing EDOT,
thionine acetate, and neutral red, as well as their combinations, to assess their efficacy in
revealing latent finger-marks on brass. The results indicated that the EDOT-Th solution
emerged as the most reliable, consistently revealing latent finger-marks at level 3 features,

including the pores within the ridges.

Significantly, to our knowledge, this study is the first instance of electrochemically
polymerising thionine, and consequently, the EDOT-Th mixture onto the surface of brass.
In summary, successful visualisation of latent finger-marks, encompassing grade 4 and
level 3 features, was achieved on the surfaces of brass ammunition casings through
electrochemical methods. Even the slowest methodology implemented in this study

yielded successful visualisation within 168 seconds.

Both natural and groomed finger-marks, aged up to 16 months, were effectively visualised
on brass surfaces, displaying level 3 features. Crucially, for the intended end application,
finger-marks subjected to a temperature of 700 °C were successfully visualised at level 2
features, overcoming challenges posed by brass annealing temperatures and potential

structural alterations to the surface.

This research has demonstrated the establishment of a rapid and low-potential
visualisation method for latent finger-marks deposited on brass surfaces, requiring no
sample preparation. Nevertheless, further scrutiny of the sample type, particularly

ammunition casings, is recommended for comprehensive analysis and application.
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7.1 Conclusion:

As discussed in Chapter 1, current methodologies for the analysis of forensic evidence
generated from the discharge of a firearm vary widely. Throughout the research presented
in this thesis the development of electrochemical methods for the improvement of

analysis for this type of evidence has been demonstrated within two research themes:

e The development of an electroanalytical method for the detection of organic
firearms residue and,
e The development of an electrochemical method for the visualisation of latent

finger-marks on brass ammunition casings.

Within the following sections general conclusions are made based on the work presented
within this thesis and proposed future work which could be used for the further

development of each analytical approach.

7.1.1 Development of an Electroanalytical Method for the Detection of

Oreanic Firearms Residue

7.1.1.1 General Conclusions

Chapter 3 and Chapter 4 described the development of an electroanalytical method for
the detection of O-FAR. The studies significantly advanced our understanding of the
electrooxidation of DPA and EC in both organic and aqueous electrolytes, shedding light

into potential degradation products and associated processes.

The investigation revealed subsequent products, including the generation of DPB through
the oxidation and subsequent dimerisation of DPA, as well as the degradation of EC to its

primary amine with concurrent CO> release.

This research employed a novel approach, integrating Fe3Os MNPs into the
electrochemical study, via simple drop casting modification of the electrodes surface. The
MNPs prepared through a controlled electrooxidation process and chemical co-
precipitation process, were characterised comprehensively through surface, thermal,
spectroscopic, and electrochemical techniques. The addition of the MNPs appeared to
influence the secondary product formation processes, hindering DPB formation or

adsorption to the electrode surface, as indicated by cyclic voltammetry.
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With the understanding that the cyclic methods may be hindered by secondary processes,
even if the processes were diminished by the MNP modification, DPV proved
advantageous. In terms of sensitivity LODs and LOQs were calculated at 4.39 + (0.28 and
14.6 £0.95 uM and 3.51 £0.15 and 11.7 = 0.47 uM for EC and DPA respectively. It was
also observed that these values changed when both analytes were present within the same
matrix, with LOD and LOQ for EC and DPA found to be 4.76 = 0.38 and 15.9 £1.28 uM
and 3.75 £0.06and 12.5 + 0.19 uM respectively.

It was found that selectivity for the analytes with this method could be developed further
for more analytes of interest within the O-FAR matrix, and the work showed that diphenyl
urea and dimethyl phthalate do not overlap in terms of E,, values, with adequate

resolution between the signals, indicating a clear route for further method development.

Application of the method to unburnt ammunition propellent resulted in a clear DPA
presence in only 5 mg of sample, while a larger value of 32.2 mg was required for an
indicative response to EC. In both cases, with the use of a standard addition method the
original concentration of each analyte could be successfully estimated. This indicates that
the original propellent formulation contained 1.31 % w/w of stabilisers, being within the

expected range of between 1-5 %.

The method was extended to real FAR samples, which were confirmed to be genuine
samples with traditional FAR analysis (SEM/EDX). These samples were found to contain
DPA and EC which were quantified by the previously mentioned standard addition
method.

Proof-of-principle studies with a custom-designed screen-printed electrode highlighted
the potential for O-FAR electrochemical sensing with integrated electroanalysis.
Selectivity and reproducibility of recovered samples resulted in intra sensor variation %
RSD = 3.9 and 4.8% for the bare electrode response and 3.8 and 2.6% for the MNP

modified electrodes.

The research presented in Chapter 3 and Chapter 4 led to the publication of two research
articles, offering insights into the electrochemical behaviour of characteristic compounds
in O-FAR. Notably, this research marked the first instance to our knowledge of EC being
electrochemically studied in an aqueous supporting electrolyte. Furthermore, the study

explored surface deposition of materials arising the analytes of interest, shedding light on
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potential surface fouling issues in more complex matrices, which had not been addressed
in other articles using electroanalytical methods for O-FAR analysis. Another significant
milestone was the introduction of magnetic nanoparticles as a modification material for
sensing O-FAR, alongside the development of in-house fabricated screen-printed
electrodes featuring a sample well in their design. Using relatively simple electrochemical
methods and the portability of screen-printed electrodes, these chapters lay the
groundwork for on-site screening of FAR samples, with prospects for further

advancements towards on-site quantitation.

7.1.1.2 Future work

While the work presented within this thesis, provides insight into novel avenues for
electrochemically analysing O-FAR, forensic science is a strict discipline requiring
methodologies with sensitivity, selectivity and robustness at their core. Before

implementing the methods developed here, future work will be required.

Future experimental work should aim to further explore and refine the electrooxidation
processes of DPA and EC in aqueous electrolytes. Detailed investigations into the
degradation mechanisms and identification of additional by-products could provide a
more comprehensive understanding of these key propellant components and possibly
their nitrated derivatives in the full sample matrix. The role of MNPs in diminishing this
formation should also be explored to understand if it is caused by the change in surface
type or by the material itself. Exploring various electrode modification techniques and

materials could help identify the most effective approaches for hindering these processes.

Enhancing the robustness of the technique is essential for its effective application. To
achieve this, the introduction of additional analytes, specifically characteristic
compounds like methylcentralite, nitroglycerine, nitroguanidine, 2-nitrodiphenylamine,
4-nitrodiphenylamine, 2,4-dinitrotoluene, akardite II, nitrocellulose, and other
diphenylamine derivatives, is imperative. This expansion of analytes aims to determine
selectivity of the method for a broader range of compounds associated with firearm
discharge residue. By incorporating these additional analytes into the analytical
framework, the method can be fine-tuned to detect a comprehensive set of characteristic
compounds commonly found in gunshot residue. This step is crucial for building a

versatile method that can analyse the diverse chemical composition of residues resulting
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from firearm discharges. The objective is to establish a robust and selective method
capable of identifying a spectrum of compounds associated with gunshot residue,
enabling a more comprehensive forensic analysis. Selectivity is key to distinguishing
between different components, and the inclusion of various characteristic compounds
contributes to the development of a method with broad applicability in forensic

investigations.

To further develop the method future work may also involve extending the
electroanalytical method to simultaneously analyse the inorganic metallic fraction of
firearm discharge residue through techniques such as stripping voltammetry. This
expansion could provide a more holistic understanding of the composition of FAR.
Ongoing work on MNPs in relation to metal analysis suggests promising avenues for the
enhancement of screening capabilities for both inorganic and organic fractions of firearm
discharge residue. Overall, the research lays a solid foundation for the electrochemical
sensing of OFAR, providing insights into the redox behaviour of key propellant
components at carbon and MNP-modified electrodes, with significant potential for

advancing rapid on-site analysis.

However, achieving a more reproducible modification method is crucial for advancing
the electroanalytical sensing of FAR. One potential avenue for improvement involves
exploring the integration of MNPs with inks, developing ferrofluids tailored for printing
applications. This approach would aim to enhance the consistency and reliability of the
production of SPEs used in FAR sensing. Ferrofluids, which are colloidal suspensions of
magnetic nanoparticles in a carrier fluid, offer unique properties that can be used for
controlled and uniform deposition on electrode surfaces. Developing ferrofluids
compatible with printing technologies would allow for the precise and reproducible
application of MNPs, addressing the observed challenges associated with variability in

the modification process.

Ultimately, the method's validation should encompass a diverse array of FAR types. As
previously highlighted in Chapter 1, propellant formulations exhibit significant
variation, both in composition and the timescale required for successful analysis. A
thorough validation process involving a broad spectrum of samples and diverse collection
styles is essential. This comprehensive validation would establish the method's suitability

for forensic applications and pave the way for its routine use in such investigations. The
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incorporation of various FAR types ensures that the method's efficacy extends across the

spectrum of gunshot residue scenarios encountered in forensic casework.

7.1.2 Development of an Electrochemical Method for the Visualisation of

Latent Finger-marks on Brass Ammunition Casings

7.1.2.1 General Conclusions

Chapter 5 and Chapter 6 presented the development of an electrochemical method for
the visualisation of latent finger-marks on brass ammunition casings. The resulting data
enhanced our understanding of visualising finger-marks on brass substrates through
electrochemical means. XPS data suggested an increased copper concentration at the
surface, presence of copper and zinc in the formed precipitate, a post-analysis blue hue in
the solution, and surface changes indicating a corrosion process taking place during

electroanalytical measurements.

Notably, sodium nitrate emerged as the most successful electrolyte for brass, providing a
mild etch effect without significant gaseous release at the counter electrode, crucial for
visualising latent finger-marks in tool mark analysis without compromising detail. The
study emphasised the importance of mild etches due to the potential application in tool
mark analysis for ammunition casings. Strong etches, like H2SO4, could adversely affect
fired ammunition marks, reducing crucial details. The investigation into monomers
demonstrated successful polymerisation/deposition at GCE and ITO surfaces. Despite the
dominance of brass's electrochemical signature diminishing the characteristic signals of
the monomers used in the study, deposition of these materials on brass surfaces facilitated
improved colour contrast for latent finger-mark visualisation, as evident in spectral

analysis and observable colour changes.

Cyclic voltammetry and chronoamperometry were employed to visualise latent finger-
marks on various brass surfaces. The investigation focused on solutions containing
EDOT, Thionine Acetate, Neutral Red, and their combinations to evaluate their
effectiveness in visualising latent finger-marks on brass. Among the monomers used,
EDOT-Th consistently proved to be the most reliable, revealing latent finger-marks at
level 3 features, including pores within the ridges, on a flat brass surface through a rapid

(120 s) and low-potential (0.1 V) method. Notably, this study, to the best of our
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knowledge, marks the first instance of electrochemically polymerising a mixture of

EDOT and Thionine, onto a brass surface.

The successful visualisation of groomed latent finger-marks, even after exposure to high
temperatures of 700 °C was observed, and both natural and groomed latent finger-marks
aged for up to 16 months were successfully visualised. This underscores the effectiveness
and versatility of the method suggesting its applicability to conditions experienced by

fired ammunition casings.

Bespoke electrochemical cells were designed to facilitate the use of ammunition casings
as working electrodes. Among the electrochemical methods applied, cyclic voltammetry
proved most successful, producing a pristine visualised latent finger-mark of grade 4 with

visible level 3 features.

This research established the first steps to a rapid, low-potential visualisation method for
latent finger-marks on brass surfaces, especially ammunition casings, without the need
for sample preparation. However, further exploration of this sample type is essential for

a comprehensive understanding and application.

The research presented in Chapter 5 and Chapter 6 have made major contributions to
the development of an electrochemical method for the visualisation of latent finger-marks
on spent brass ammunition casings. Indicating that with the method proposed pristine
finger-marks can be visualised on ammunition casings, natural finger-marks can be
visualised after 16 months and finger-marks which had been heated to 700°C (more than
the proposed surface temperature of ammunition during discharge) are still viable for this

visualisation method.

Once more, as mentioned above, forensic professionals require rigorous testing to be
performed before a new method can be introduced into routine use. In the future work
section, the criteria are described which are required before this method is utilised by

forensic professionals along with research avenues which are of interest.

7.1.2.2 Future work

Future research in electrochemical methods for latent finger-mark visualisation on brass
surfaces should gain a deeper understanding of the structure of EDOT-Th on this
substrate, a critical component in the electrochemical process. A comprehensive

investigation into the characteristics and behaviour of this polymer could contribute to
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refining the electrochemical approach, enhancing its film thickness and ability for

contrast with the surface.

Expanding the scope of the study to include a larger and more diverse pool of finger-mark
samples on various ammunition casings would provide a more robust foundation for the
method's applicability. This could involve analysing finger-marks from different
individuals, considering variations in pressure, moisture, and other potential influencing

factors (for example gender).

The visualisation of latent finger-marks on pre-fired ammunition casings is a crucial step
in validating the method's efficacy under realistic forensic scenarios. Understanding how
the firing process affects the visibility and characteristics of finger-marks is essential for

establishing the method's reliability in practical applications.

Comparative studies with established forensic methods, such as cyanoacrylate fuming,
can offer insights into the strengths and limitations of electrochemical visualisation. This
comparative analysis could help forensic professionals choose the most effective

technique based on specific case requirements and conditions.

Investigating the long-term stability and performance of the deposited material on brass
surfaces is paramount. This involves assessing how well the visualised finger-marks
endure over time, considering factors like environmental exposure and potential
degradation. Such studies are crucial for ensuring the sustained and reliable application

of the electrochemical method in forensic scenarios.

Expanding the application of electrochemical visualisation to different types of tool marks
on ammunition casings represents an intriguing avenue for research. Understanding how
the method responds to various markings and indentations can broaden its scope,

potentially making it a versatile tool for forensic investigators.

Additionally, considering the unique challenges posed by ammunition casings, further
research may involve exploring the potential structural alterations to the brass surface
under various conditions. This could lead to the development of tailored methodologies
that account for the specific characteristics of ammunition casings, ensuring accurate and

reliable results in forensic applications.

In summary, future experimental work should aim to deepen our understanding of the

electrochemical processes involved, explore new materials and methodologies, and
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address specific challenges associated with ammunition casings to advance the field of

latent finger-mark visualisation on brass and other surfaces.

7.2 Additional Components Completed During the PhD

Programme

7.2.1 Modules Completed and Credits Achieved.

Over the course of the PhD programme, the modules below have been completed, gaining
a total of 35 credits, fulfilling the credit requirements for the structured PhD programme

at Maynooth University.

Table 7.1: Modules completed, and credits awarded.

Module Code | Module Name Credits
CHR801 Core Skills and Research Techniques in Chemistry 5
CHS803 Teaching Skills in Chemistry 5
FMS801 Conference Organisation 5
FMS805 Outreach and Communication 5
GST13 Research Funding Application 5
FM809 Advanced Communication Skills (publication) 5
CTL1 Professional Certificate in Teaching and Learning 5

Total 35 ECTs

Additionally, certifications have been attained in research integrity from Epigeum’s

online courses and from the startup experience provided by Spin up Science.
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7.2.2 Presentations

7.2.2.1 Poster Presentations:

1.

RSC Electrochemistry twitter poster competition #Electrochem21Poster, Title:
Electroanalysis of Organic Gunshot Residue in a Propellent Sample using

Magnetic Nano Particle Modified Electrodes.

239th ECS meeting, Online https://www.electrochem.org/239, May 30-June 3,
2021, under the Sensors Session, (With Recorded Presentation), Title: Carbon
Nano-Onion Modified Electrodes for Voltammetric Detection of Propellent

Stabiliser 1,3-Diethyl-1,3-Diphenyl Urea (Ethyl Centralite).

. PortASAP COST EU meeting early, online, 24" of May 202, Title: Firearm

Residue Analysis and Latent Fingerprint Enhancement — The Role of

Electrochemistry in Portable Forensic Solutions.

Charted Society of Forensic Science “back in action” conference, Leeds, UK, 4™
November 2022 Title: Voltammetric Analysis of Propellent Stabilisers found in
the Organic Fraction of Firearms Residue via Iron Oxide Modified Carbon Based

Electrodes.

74th Irish Universities Chemistry Research Colloquium, in University of Galway,
Galway, Co. Galway, 14-15™ June 2023, Title: Advancement of Electroanalytical

Techniques for use in Forensic Evaluation of Firearms Generated Evidence.

7.2.2.2 Oral Presentations:

1.

COST action PortASAP final meeting in Tallinn, presented online, 15th of
February 2022 Title: Firearm Residue Analysis and Latent Fingerprint

Enhancement — The Role of Electrochemistry in Portable Forensic Solutions.

SCI Electrochemistry Postgraduate Conference 2022, Loughborough University,
Loughborough, UK, 25" of May.

18th International Conference on Electroanalysis ESEAC 2022, Vilnius,
Lithuania, 5-9 June 2022, Title: Latent Fingerprint Enhancement on Brass

Substrates with the aid of Electrochromic and Redox Polymer Deposition.
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4. 73rd Irish Universities Chemistry Research Colloquium, University College

Dublin, Dublin 4, Co. Dublin, 15-16th June 2022 Title: Latent Fingerprint
Enhancement on Brass Substrates with the aid of Electrochromic and Redox
Polymer Deposition.

Maynooth University Community and Industrial Engagement: Chemistry
Research Symposium, Maynooth University, Maynooth, Co. Kildare, 2"
November 2022, Title: The use of Electroanalytical Methods in the Forensic
Evaluation of Evidence Generated from the Discharge of a Firearm.

RSC Early Career Researcher Regional Symposium on Electrochemistry, Queens
University, Belfast, Co. Antrim, 4™ November 2022, Title: The use of
Electroanalytical Methods in the Forensic Evaluation of Evidence Generated from

the Discharge of a Firearm.

7.2.3 Publications

1.

Colm McKeever, Sarah Callan, Susan Warren, Eithne Dempsey, Magnetic
nanoparticle modified electrodes for voltammetric determination of propellant
stabiliser diphenylamine, Talanta, Volume 238, Part 2, 2022, 123039, ISSN 0039-
9140, https://doi.org/10.1016/j.talanta.2021.123039.

Colm McKeever, Eithne Dempsey, Electroanalysis of ethyl-centralite propellant
stabiliser at magnetic nanoparticle modified glassy carbon and screen-printed
electrodes with extension to forensic firearm residue analysis, Sensors and
Actuators B: Chemical, Volume 396, 2023, 134604, ISSN 0925-4005,
https://doi.org/10.1016/j.snb.2023.134604.

Colm McKever, Eithne Dempsey, Latent finger-mark enhancement on brass
ammunition casings utilising electrochemical deposition of conducting and redox

polymers — Forensic Science International, in preparation.

Colm McKeever, Eithne Dempsey, Comparatice electrochemical and optical
examination of films formed from c-deposition of Neutral Red/Thionine

Copolymers, Electrochemical Acta, in preparation.
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7.2.4 Qutreach

Over the course of the PhD programme, I have been involved in numerous outreach
events including four talks at secondary schools about learning chemistry at 3™ level and

the possibilities of careers available to chemistry graduates in Ireland.

I was involved in public outreach, taking part in Pint of Science 2023 in Maynooth,

talking about my PhD research to the general public.

I was one of the founding members of the Institute of Chemistry of Irelands Young
Chemists’ Network (ICIYCN) and served as the chairperson for two years. In this we
provided free events for postgraduate students in chemistry on the island of Ireland in a
wide range of subjects including career preparation, mental health and pathways

chemistry graduates had undertaken to get where they are in their careers.

I was the European Young Chemists’ Network representative for Ireland which I liaised
with a broad range of chemists across the continent providing events for all early-stage

chemists.

7.2.5 Funding Awards

e Maynooth University Graduate Teaching Studentship 2019-2021.

e Irish Research Council Government of Ireland Postgraduate Scholarship
Programme, GOIPG/2021/250, 2021-2023.

e Maynooth University Covid Extension Grant 2023-2024.

e Analytical Chemistry Trust Fund, Covid Disruption Grant, 2022.

7.2.6 Prizes and Awards

7.2.6.1 Poster Awards

e RSC Electrochemistry twitter poster competition #Electrochem21Poster (Poster

presentation).
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7.2.6.2 Oral Presentation Awards

e 18th International Conference on FElectroanalysis ESEAC 2022, Vilnius,

Lithuania, 5-9 June 2022.
e Maynooth University Community and Industrial Engagement: Chemistry

Research Symposium, Maynooth University, Maynooth, Co. Kildare, 2"
November 2022.

7.2.6.3 Additional Awards

e Maynooth University Teaching Award 2023.
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