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ABSTRACT 

The uses of molecularly imprinted polymers and electrochemical analysis are not new 

technology, however, there are few entries in the literature that use a combination of the two 

in order to create a highly selective, specific and sensitive technique – and thus, are of great 

forensic interest. This study utilises these technologies to create a sensor for 2,3-dimethyl-

2,3-di-nitrobutane (DMNB), a military-used taggant, commonly found in explosives. 

The response of DMNB was analysed using cyclic voltammetry followed by differential pulse 

voltammetry. Polymerisation was achieved following a computational approach using density 

functional (B3LYP) and semi empirical (PM3) models. The favoured monomer and ratio were 

determined as pyrrole at a 6:1 ratio to DMNB. The formation of the MIP was somewhat 

successful, but requires changes to improve the signal, to identify the peak potentials for 

DMNB and maintain the peak potential.  

The current method outlined in this study cannot be used to create an MIP for DMNB and 

requires some adjustments, such as derivatisation, using MTBSTFA as the derivatisation 

agent. This would also include pyrrole at a 3:1 concentration ratio to DMNB, which was 

determined as the optimal ratio. The use of derivatisation will lower the polarity of DMNB and 

thus increases its solubility, lessening the impact of water in the buffer solution as well as 

increasing the number and complexity of interactions for the MIP. This should also enable the 

use of the buffer in the working solution to determine the peak potentials for DMNB under this 

method. 

It also attempts to apply 3D printing technology to this method, by printing a carbon electrode 

as a cheaper alternative to glassy carbon electrodes routinely used in electrochemical 

analysis. A conductive polylactic acid (PLA) filament was determined as the best option to use 

in a rod-like shape for ease of application, however, implementing this would prove difficult for 

this molecule at this stage. 

 

 

 



1 
 

1 INTRODUCTION 

The use of explosives has been well documented throughout history with a variety of 

applications such as in the construction industry, however, their most common use has been 

warfare. In the United Kingdom, the use of explosives documents a pivotal moment in history 

– the Gunpowder Plot; this scheme involved 36 tonnes of gunpowder in order to overthrow 

King James I (1). Since then, explosives have remained the most common mode of terrorism 

– over half of the terrorist attacks recorded by the RAND Database involved explosives (2). In 

recent years, notable terrorist attacks involving explosives include the London bombings in 

2005 and the Ariana Grande concert in Manchester in 2017. Despite this, the availability of 

explosive compounds is easy and thus is relatively unregulated as the Explosives Act of 1917 

regulations introduced permits for over 1000 materials, some of which that included everyday 

household items (3). There are several methods in place such as detectors in airports, or 

sniffer dogs, to detect the presence of explosives; detectors in airports present a challenge as 

explosives have low vapour pressure and thus provides difficulty for detection. In context, 

explosives passing through an airport are usually packaged/wrapped in luggage or clothing, 

which presents a detection barrier for the explosives – therefore, increasing the difficulty of 

detection.  

Taggants can be physical or chemical markers that are added to explosives that can provide 

links its origin or to identify their presence. They have a higher vapour pressure than explosive 

compounds and thus present a solution to this problem, as they are more likely to be detected 

for this reason; upon finding the taggant, the explosive would be found. Taggants are 

molecules added to explosives for this reason. The type of taggants that are of interest in this 

study are detection taggants; they are inert and do not occur organically in nature and thus, 

do not present any interference upon analysis.  

The most common taggant in 2,3-dimethyl,2,3-dinitrobutane (DMNB). It is commonly used to 

mark C4 explosives especially (4) and used by military personnel – it is not usually found in 

clandestinely produced explosives, however, can be found if these include detonating cords 

using plastic explosives. It is favoured by organisations due to its inert properties and relatively 

low vapour pressure when compared to other taggants (5) – it also has no industrial 

applications and thus is the perfect candidate for a taggant. Due to this, it is of great forensic 

interest and has a number of detection methods with various analytical techniques including, 

but not limited to GC-MS (6–8), UV-Vis spectroscopy (9,10) and fluorescence (9–13). One 

technique that is growing interest due to its sensitivity is electrochemistry, with several pieces 

of literature documenting its use for DMNB analysis. However, there are no entries using 

molecularly imprinted polymers (MIPs) at the time of this study. MIPs, like electrochemistry, 
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are popular due to its specificity, sensitivity and selectivity when detecting molecules – its most 

common use is in biomedical applications. The combination of these two techniques is not 

new for detection of molecules, however, this technology has not been applied to DMNB – in 

which, this study attempts to do.  

This study also attempts to facilitate this technology for field application by trialling a 3D printed 

glassy carbon electrode. Like the combination of electrochemistry and MIPs, this is not a pilot 

study, and the use of 3D printing for this application has been documented in the literature, 

however, it has not been trialled for DMNB. The use of this technology is aimed to lower the 

cost of forensic analysis by creating an electrode that can be created in-house and thus is 

cheaper to manufacture than purchasing glassy carbon electrodes. The success of this 

technology is dependent on the limit of detection that can be achieved by the 3D printed 

electrode, as it must equate, if not succeed, the response from the glassy carbon electrode. 

A reflective review of the work undertaken in this study and its progress is outlined as a 

flowchart in Figure 1. Steps 1.1 – 1.4 and 1.8 – 1.11 were the original steps planned out at the 

beginning of this study. Figure 1 shows the completed steps 1.1 – 1.4 and steps 1.5, 1.8 – 

1.11 were not achieved for reasons that are described later in the text; bearing this in mind, 

upon reflection, steps 1.6 and 1.7 would need to be introduced for the success of the following 

steps under the outlined methodology. Both steps are discussed in Chapter 6.  
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2 LITERATURE REVIEW 

2.1  HISTORY OF EXPLOSIVES 

The earliest documentation recalling the use of explosives was Cantang qi, or ‘Book of Kinship 

of Three’, which mentions the use of ‘black powder’ in 142 AD during the Han dynasty in 

China. Black powder was reported to have consisted of saltpeter (potassium nitrate), sulfur 

and charcoal which combined to make an effective albeit crude explosive. Moreover, the T’ang 

dynasty documented the first use of gunpowder as a weapon was in 904 AD during the Siege 

of Yuzhang, where “fire arrows” (arrows with gunpowder incendiaries attached) were used. 

Further development saw gunpowder tubes as propellants, as well as the invention of 

cannons, firecrackers and explosive-loaded trebuchets (14). The use of explosives evolved 

throughout history and used in the most notorious incident of domestic terrorism and use of 

gunpowder in the United Kingdom - the Gunpowder Plot. Religious differences drove Robert 

Catesby to orchestrate an attack on the Houses of Parliament and King James I in 1605. Other 

accomplices to the plot were Thomas Percy, Thomas Wright, John Wright and Guy Fawkes 

and 36 barrels of gunpowder, weighing around 1.5 tonnes, concealed by coal and firewood 

under the House of Lords (1). 

Over 400 years later, explosives are still used in terrorist attacks. Their application saw 

devastating effect in the Manchester Arena bombing on the 22nd May 2017 during an Ariana 

Grande concert. This incident saw 23 fatalities, including the attacker, Salman Abedi and a 

further 220 injuries – widely considered “the deadliest terrorist attack on UK soil since the 2005 

London bombings” (15). This bomb is an example of a “fragmentation” or “shrapnel” explosive, 

a device designed to cause a large number of casualties in a crowded area through the 

addition of sharp and often metal objects to the device. In this case, including such 

components to the explosive facilitated an impact radius of 47 by 34 metres (16). Whether 

Salman Abedi is believed to have acted alone or as part of a terrorist organisation, this 

example highlights an important issue with explosive accessibility and control in the United 

Kingdom. Inadequate control measures increase the risk of explosives being implemented in 

future terror attacks to devastating effect. 

This major incident in 2017 also confirms an important pattern in modern terrorist attacks – 

increasing fatality rate in places of mass gatherings. Thus, it is unsurprising that shopping 

centres have been common targets of terrorist attacks over the past few decades, with over 

60 attacks since 1998 in 21 countries. Between 1998 and 2005, over 63% of all attacks 

recorded the use of explosives/bombs, with over 96% of attacks in shopping centres also 

involving explosives (17). 
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The use of explosives alone has become the most common type of terrorist attack, as 

demonstrated by Figure 2. According to the RAND Database of Worldwide Terrorism Incidents 

between 9th February 1968 and 31st December 2009, there have been 40,126 terrorist attacks, 

with 55.12% being linked to explosives (20,523 by explosives, 1,593 by remote detonated 

explosives; Figure 2) (2). Not only this, but it has been recorded as the method for 18 out of 

The 50 Worst Terrorist Attacks in 2017 worldwide, accounting for 1562 deaths (18). 

   

 

 

 

 

 

 

 

The largest group, Explosives, at 51.15%, is not sub-categorised by the RAND Database. 

However, for some incidents, there is a description as to what was used such as “five mortar 

shells”, “time bomb”, “a device believed to be composed of three dynamite sticks”, “a tin 

containing eighteen sticks of dynamite”, “incendiary bombs”, “letter bombs” and “pipe bomb”. 

Most of the descriptions are more generic - “X was bombed” or “a bomb exploded”, with many 

using several synonyms, including “bomb”, “grenade” and “explosive” (2). The database 

provides limited detail on the type of explosive and thus, sub-categorising this would be 

ineffective; however, if this information were to be provided, it would be effective as it would 

direct the research for antiterrorism methods and common types of explosives. 

2.2  TYPES OF EXPLOSIVES 
An explosive can be classified as a substance or mixture which undergoes a chemical change, 

rapidly releasing potential energy (heat, light, sound and/or pressure) into its surroundings. 

Explosives can be categorised as either high or low order, defined by whether they deflagrate 

or detonate. This is determined by the speed at which the chemical reaction propagates 

through the explosive material; low order explosives deflagrate at a rate of <3000 metres per 

second (8), which is less than/equal to the rate of the speed of sound (9). Examples of such 

explosives are black or smokeless powders and gunpowder, which are typically comprised of 

an organic fuel (e.g. sulphur or charcoal) and an inorganic oxidiser (e.g. chlorates, 

perchlorates or nitrate salt-based molecules (10). These oxidisers are often propellants or 

combustible material that decompose rapidly, usually combined with a stabilising compound 

Figure 2 The majority of terrorist attacks from 1970 - 2009 used explosives. According to the RAND Database of 
Worldwide Terrorism Incidents (RDWTI) Online Search Form, there were 40,126 cases of terrorism worldwide. 
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to increase their longevity, such as diphenylamine, which is added to smokeless powder (11). 

However, although low explosives deflagrate, some can detonate under the right conditions, 

for example, when in a confined space. As a consequence, they are used as propellants for 

ammunition in firearms, as well as fireworks and safety fuses (12). 

On the contrary, high order explosives detonate - the chemical reaction propagates through 

the material at a rate greater than the speed of sound (3000 – 9000 metres per second) (19). 

Detonation also has specific characteristics - the reaction is initiated by heat and shock, 

releasing energy that sustains the shockwave through the material (20). These explosives can 

be further classified into primary and secondary categories. The primary group are sensitive 

to external stimuli such as heat or friction (5) and are not as powerful as secondary explosives 

(20) – regarded as ‘special purpose’ explosives. These purposes include detonating cords, 

blasting caps and primers which use compounds such as. mercury fulminate, lead azide and 

lead styphnate (5).   

Secondary explosives are less sensitive to the external stimuli that cause the detonation of 

primary explosives. Consequently, such explosives are safer to use and store when in isolation 

from primary explosives. Amongst the most notable secondary explosives are 1,3,5,7-

tetranitro-1,3,5,7-tetrazoctane (HMX), pentaerythritol tetranitrate (PETN), 1,3,5-trinitro-1,3,5-

triazinane (RDX) and 2,4-6-trinitrotoluene (TNT). Secondary explosives have greater 

detonation velocities than the primary  – this means that the higher the detonation velocity, 

the faster rate at which detonation propagates through the explosive (21). HMX has one of the 

greatest detonation velocities of explosives – 1.9 g/cm3, with RDX, PETN, picric acid and TNT 

having similar values, with 1.8, 1.8, 1.7 and 1.6 g/cm3 respectively (20). 

Each of these explosive types can be combined into explosives with a variety of applications. 

The sequence of these explosives is referred to as the ‘explosive train’. Primers (low order 

explosives) initiate the explosive train by igniting primary explosives. These compounds have 

a low detonation velocity but are sufficient to cause secondary explosives to detonate via 

shockwave (5), and thus the detonation of the primary component can in turn trigger the 

detonation of the secondary explosive. Secondary explosives can act as a booster or main 

charge within the train depending on its number of ‘steps’. Boosters are used to amplify the 

explosive capacity of the main charge when detonation of a primary explosive may be 

insufficient (22). 

A simple example of an explosive train might consist of a detonating cord, a fabric tube 

containing PETN, initiated by the reaction of primary explosives, used to detonate the main 

charge – a secondary explosive (Figure 3A). The more steps that are incorporated, the greater 

the resulting explosive capacity. This set-up can be referred to as the ‘igniter train (21), or 
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‘explosive train’ where a small amount of primary explosive is used as the detonators in a 

sequence and secondary explosives are used as the main charge or booster to amplify the 

explosion (20); the more steps to the explosive train, the greater the explosion, as there are 

more incidences of explosive material amplifying the shockwave through the train.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A. Two Step Explosive Train 

B.  Three Step Explosive Train 

 

C.  Four Step Explosive 

Train 

D.  Firework E.  Grenade 

Figure 3 Explosive train diagrams. A – C show the increased complexity of explosive trains that has progressed 
over time. The comparison of D to E shows an increased complexity as E exhibits a two-step train. 
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The detonation velocity/pressure of an explosive is the main characteristic determining 

whether it is suitable for a particular application. For instance, explosives used for weaponry 

by military institutions aim to fragment or shatter metal (20) and so explosive trains 

incorporating secondary explosives. In contrast, the mining industry avoids these explosives 

for the same reason that the military industry prefers them. Instead, explosive devices with a 

low overall detonation velocity are chosen as they are more suited to the aim of moving earth 

in controlled operations (8), such as the combination of ammonium nitrate and fuel oil 

(otherwise known as ANFO). ANFO is classified as a tertiary explosive, as it is insensitive to 

the same stimuli as secondary explosives and thus can only be detonated by secondary or 

phlegmatized explosives (such as in four-step explosive trains as in Figure 3C). These 

secondary explosives act as the booster and have a slightly lower detonation velocity than 

those used as the main charge. Furthermore, incorporation of ANFO in explosive trains has 

superseded the use of dynamite in mining applications due to the ease of formulation and low 

cost. The components of ANFO are widely available, comprising of low-cost and easily 

available compounds - ammonium nitrate (a component of many fertilisers (13)) and a fuel. 

Production is cheap, ammonium nitrate salts are simply soaked in the fuel, thus lacking any 

special requirements when handling. The cheap component cost and simple production make 

ANFO an obvious candidate for use in homemade explosives implemented in terrorist attacks, 

so much that instructions on how to make it can be found on internet forums (21). Due to this, 

it would be expected that clandestinely produced explosives are likely to contain ANFO as the 

main charge, due to the aforementioned reasons, and have a four step explosive train, 

however, they are likely to take form of a grenade (Figure 3E), due to the lack of accessibility 

for secondary explosives like PETN. Despite this, it is common for criminals to use detonating 

cords, which contain plastic explosives such as PETN or C4. The RAND Database documents 

several terrorist involving “grenades” (2), however, due to the lack of information available, it 

is unknown whether this is describing what is seen in Figure 3E or is used as a generic term 

for explosive/bomb.  

2.3 EXPLOSIVE ADDITIVES 
Over time, not only has the ingenuity of explosive creation increased, the ability to manipulate 

explosives has also increased – this involves additives that are added to the explosive in order 

to change its properties. One type of additives are energetic plasticisers, which are added to 

improve the flexibility and viscosity of the explosive and therefore, it can be manipulated into 

different shapes (21,23,24), as well as lowering the vapour pressure of the overall product (5), 

changing the performance of the explosive, to improve the safety of using the explosive (24) 

by reducing the glass transition temperature (25,26). The glass transition temperature is the 

temperature range at which the properties of the plastic change from stiff and brittle to flexible 
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and rubber-like (27). Plasticisers are found within the binder matrix in plastic bonded 

explosives (PBX) such as RDX, HMX and RDX-based explosives like C4 (4,21) – they are 

typically nitrogen-based polymers, containing nitro, nitramine, difluoroamino, azido and nitrate 

ester functional groups deemed in the literature as “explosophoric” (24). Examples used in the 

literature have been 1,2,4-butanetriol trinitrate, trimethylolethane trinitrate, nitroglycerin, n-

butyl-2-nitratoethyl-nitramine, triethyleneglycol dinitrate, and bis(2,2-dinitropropyl)acetal (23), 

GLYN oligomers (24) and glycidyl azide polymer (28) to name a few. They also are around 

9% weight of the total explosive weight (4,21), whereas inert binder matrices contain 

polyacrylates or hydroxyl-terminated polybutadiene (HTPB) at around 20% (24). The latter 

undergo endothermic decomposition whereas energetic systems undergo an exothermic 

reaction, releasing heat through combustion (28) and thus are favoured for propellants and 

explosives. This is because the exothermic ability increases the force constant of the 

propellant, and therefore leads to a greater muzzle velocity in firearms (26). There is large 

variety of potential plasticisers as the choice not only must be compatible with the explosive 

and the binder, by meeting several criteria, but the choice also depends on the desired effect 

from using the plasticiser. One criterion in order to be compatible with the explosive is 

molecular weight - if the molecular weight of the plasticiser is similar to that of the explosive, 

there is less chance of the plasticiser leaking out of the matrix. Furthermore, the molecular 

weight of the plasticiser is inversely proportional to the rate of migration out of the matrix (24) 

as its volatility is directly proportional to the plasticiser’s molecular weight (23).  

In one paper by Kumar Shee (2017), an energetic binder - poly(3-nitratomethyl3-

methyloxetane) (polyNIMMO) was compared for compatibility against five energetic 

plasticisers - bis(2,2-dinitro propyl)acetal (BDNPA), dinitro-diaza-alkanes (DNDA-57), 1,2,4-

butanetriol trinitrate (BTTN), N-N-butyl-N‘(2-nitroxy-ethyl) nitramine (BuNENA) and 

diethyleneglycoldinitrate (DEGDN). The challenge discussed in this piece of literature is that 

binders need to reduce the spontaneous detonation from external stimuli and this is dependent 

on their ability to solid load and further discusses that this is the reason why aforementioned 

substances, such as HTPB, contain little energy and require high solid loading, and therefore 

increases the difficulty of detonation. On the other hand, the same piece describes glycidyl 

azide polymer as unsuitable as its energy content is too high, and therefore, increases the 

sensitivity to external stimuli and thus spontaneous detonation. Moreover, the literature often 

interchanges the two terms “plasticiser” and “binder”, namely HTPB and glycidyl azide polymer 

being referred to as both (25). Despite this, it remains important that the choice and 

compatibility of plasticisers and binders with the explosive/propellant is highly important for 

both performance and safety. 

 



11 
 

2.4 LAWS AND REGULATIONS 
Regulations regarding explosives have been of great interest to both science and government 

policy. In order to appropriately control their use, a balance must be struck between their 

industrial applications in mining and construction with national security interest - reducing 

accessibility, transport and storage. Thus far, regulations on explosives have been reactive to 

new technologies, explosives and/or terrorist attacks, rather than predictive. Seman et al. 2019 

discusses the “inevitable loopholes” in such an approach. Table 1 documents the acts passed 

in the UK with the aim of controlling explosives, both clandestinely and industry produced, 

many of which were later revoked to improve the wording i.e. make it more specific, such as 

defining what was included in “explosive compounds”. Similarly, in the United States, several 

legislative acts have been passed in relation to the control of explosives. The Explosives Act 

of 1917 introduced the requirement of a licence to users and manufacturers intending to utilise 

explosives. However, poor definition resulted in several materials (such as cotton and 

approximately 1500 others) inappropriately requiring such a licence for their purchase. Later 

improvements included a more specific definition, requiring a licence for oxidisers and 

commercially-produced explosives (e.g. nitroglycerin and others) (3). As exampled with 

ANFO, the use of everyday items in explosives is extremely common, increasing the difficulty 

inherent in controlling them, requiring constant legislation adjustments. However, legislation 

usually coincides with the application of physical measures to control explosives. Furthermore, 

the importance of regulating and controlling explosive compounds has been exemplified by 

the Beirut explosion in Lebanon, on 4th August 2020. This was an uncharacteristic explosion, 

equivalent to a 3.3-magnitude earthquake (29) whereby around 2750 tonnes of ammonium 

nitrate detonated in a local warehouse - its strength was the same as around 1155 tonnes of 

TNT (30). The warehouse roof had caught fire and triggering an initial explosion and a few 

smaller ones, before the larger, devastating explosion occurred, killing over 200 people and 

making 300,000 others homeless. However, there is no knowledge of how or why the fire 

started, but the substance is said to have been stored “unsafely” for around 6 years, and 

requests for the cargo to be removed were repeatedly ignored (29). This industrial explosion 

highlights the need and importance of controlling explosives. 
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Table 1 UK regulations and legislation regarding explosives since 1875. Each piece of legislation is summarised 

for simplicity.  

Name of Act Summary of Regulation 

Explosives Act 

1875 

Details the control of manufacturing, storage, registration, sale, and transportation of 

gunpowder. It also details conditions of exemptions such as for rockets or emergency 

shipments (31). 

Explosive 

Substances Act 

1883 

 

 

Lacks definition of what an explosive is, only “explosive substance” (32). Covers the use 

of explosives to endanger life or damage property, the possession of them with either 

intent, or conspiracies to do so. Also covers the search and seizure of explosive 

substances (33). 

Criminal Damage 

Act 1971 

Whereby it is a crime to use explosives to damage property to destroy or damage property 

– this act also applies to arson and fire-related crimes.  

Poisons Act 1972 
Outlines control of harmful substances including poisons and explosive precursors to the 

public. This covers licensing, labelling, reporting and enforcement of these items.  

Health and Safety 

at Work Act 1974 

Covers the breaching of regulations regarding health and safety in the workplace, such as 

the storing, handling, sale and manufacturing of explosives, or highly flammable 

substances. 

Fireworks Act 

2003 

An example of domestic explosive regulation. Regulates the supply and use of fireworks 

in order the minimise risk of causing death or distress to people, animals or damage to 

property (34). 

Fireworks 

Regulations 

2003/4 

Placed an age restriction on the use of fireworks – under 18s cannot be in possession or 

able to purchase fireworks. Covers the use of fireworks for research, investigations and 

local authorities. Further defined parts of fireworks such as “caps” or “party poppers” (34). 

The Explosives 

Regulations Act 

2014 

Builds on the regulations stipulated by the Health and Safety at Work Act 1974 and the 

Explosives Act 1875. This act strengthened the legislation regarding the obligations to 

manufacturing, importing and distributing explosives, and also redefined what an explosive 

is. 

Pyrotechnic 

Articles (Safety) 

Regulations 2015 

Controls the ability to make pyrotechnics and introducing a system to trace their usage. 

Policing and Crime 

Act 2017 

Covers the possession of pyrotechnics at musical events. These events are qualified as 

“an event that is provided to any extent for members of the public, or a section of the public, 

and takes place on premises in respect of which a premises license under the Licensing 

Act 2003 has been granted and the licence authorises the premises to be used for the 

provision of regulated entertainment (as defined by the Licensing Act 2003) in the form of 

a performance of live music” (32). 

 

2.5  MEASURES 
Several preventative physical measures have been introduced worldwide in response to the 

increased awareness of terrorism, primarily concentrating on the detection of concealed 

weapons and reporting suspicious packages (17). In the United States, the Department of 

Homeland Security is required to screen all baggage for airline travel, and the Transport 

Security Administration utilises two types of screening for explosives. One system implements 

X-rays to recognise explosives, whilst the other uses a swab to detect explosive traces, which 

may be carried on passenger luggage or clothing, using chemical analysis of vapours and 

residue. Other methods include sniffer dogs and walk-through metal detectors in combination 

with puffs of air to dislodge particles on an individual’s clothing, which are then collected in a 

vacuum (35). These technologies are widely distributed throughout the world due to their ease 
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of implementation. However, trace detection is limited by the instrument library used, 

introducing inherent errors to the system if new compounds are implemented (36). 

Caygill et al. (2012) highlights the issue of ‘loopholes’ when a single detection method is 

implemented. Some methods can only detect explosives via a specific medium - metal 

detectors allow detection of weapons and explosives with a metal component (e.g. knives). 

Increasing use of plastic explosives causes metal detectors to become irrelevant for explosive 

detection. Thus, molecular approaches such as swabbing coupled with ion mobility 

spectroscopy are necessitated. Again, this system has limitations, as these methods are only 

suitable to screen external faces of items such as hand luggage (37). Moreover, X-ray 

screening can be used for baggage, but not for screening animals, which are often used in 

smuggling (36). Measures such as GC-MS detection, incorporated into all airports in the 

United States since the 9/11 attacks in 2001, facilitate sensitive detection of explosive devices 

and compounds such as C4, Semtex, peroxides, TNT and nitrates, identifying quantities as 

small as one nanogram (37).  

Despite advancements in increasing the reliability and sensitivity of detection, it is the opinion 

of Marshall and Oxley that these do not contribute to the progression of preventing terrorism, 

it is the implementation of the technology to the operational needs and feasibility of the method 

in the environment (36). For example, metal detectors or bag checks are easily introduced for 

entry to arenas/concert halls but performing such methods in shopping centres may be 

unsuitable given the constant foot traffic. This places too light of an emphasis on the lack of 

explosive detection methods implemented in many highly crowded areas which has been, and 

remains an issue in airports, concert arenas and shopping centres. Effective explosive 

detection needs to marry both operational requirements of the setting and technological 

advances. As previously discussed, locations that regularly crowded such as shopping 

centres, arenas and concert halls are at an increased risk of attacks implementing explosives 

than others. Therefore, the security needs of the environment require that measures affect 

this increased likelihood of risk of explosive-related attacks over others, for instance, knives 

or biological agents. Marshall and Oxley (2009) state that “an explosives trace detector is 

unlikely to be the right solution if the threat is from smuggled knives”, and Caygill et al. (2012) 

similarly argues that there is no single detection method for all terrorist risks. As explosives 

have been recognised as the most common instrument of terrorism, a focus on limiting their 

use would be in the interest of both science and government fields. Caygill et al. (2012) 

discusses a crucial difficulty in achieving effective control – effectively detecting trace amounts 

of an explosive in air presents an incredible challenge due to low vapour pressure. This 

problem is further exacerbated by when explosives are concealed by wrapping/packaging 
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(37). Nevertheless, a proactive method is required and the application of taggants is one way 

to overcome this. 

2.6  TAGGANTS 
Analytical techniques are now taking a more proactive approach towards tackling terrorism by 

detecting explosives before they are used, when previously they were implemented as a 

reactive method and the advancements in technology are in response to devastating events 

(3). A particularly interesting advancement is the consideration of ‘tagging’ explosives, which 

has been discussed since 1971 in the US. At this time, The Organised Crime Control Unit 

required that all commercial and military explosives were tagged where the tag consisted of a 

physical label attached to the explosive itself, providing information on the manufacturer, type 

of explosive and the date/batch code. However, the label could be easily removed or lost 

following detonation and therefore redundant. Several years later in 1978, Senate Bill #2013 

again discussed the implementation of tagging explosives – this time, the discussion focused 

on ‘taggants’. A taggant can be described as “a nonreactive substance added to an explosive 

that may be traced if the explosive is used for unlawful purposes” (38). Use of such compounds 

would circumvent the issues encountered with the use of physical labels. In 1980, the 

Congressional Office of Technology Assessment compiled a report ‘Taggants in Explosives’ 

which describes evaluation criteria for eligible taggants. These include taggant recoverability, 

survival post-blast, utility, explosive compatibility and implementation cost (3). The original 

Senate bill described the implementation of two different taggants types – identification and 

detection. Each type has a different aim and can be used as both a proactive and reactive 

method. The main differences are outlined in Table 2. 

Table 2 Comparison of features of identification and detection taggants. Information supplied by Yinon, 1999, 

Forensic and Environmental Detection of Explosives, pp.170-171 

Identification Detection 

Contains information of legal holder e.g. manufacturer, 

type, date and batch 

Cannot occur in nature and thus, background levels of 

instruments are not interfered with 

Traceable through commercial channels Continues to release vapour for 5-10 years 

Traceable by the serial number Detectable at ppt levels 

Must survive detonation Vapour should not adsorb to luggage items 

 Thermally and chemically stable  

 Reliably detected by commercial vapour detection 

methods with minimal false outcomes/alarms 

 Does not degrade other materials when packaged 

 Safely manufactured and stored 
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Identification taggants are designed to be recovered post-blast from a scene and contains a 

code identifying the manufacturer and batch used. Modern tags bear a level of sophistication 

above that of the original ‘tag’ proposed by the Organised Crime Control Unit. These ‘physical’ 

taggants are polymers or additives included in the composition of the explosive device which 

are unaffected by detonation (5). Examples of identification taggants include Microtaggant and 

Explotracer. 

Microtaggant (3M Corporation; 14), is a layered plastic, comprising of 9 different coloured 

layers including 1 magnetic layer, facilitating recovery from debris using magnets. This taggant 

typically makes up between 0.025 – 0.1% of the total explosive weight (5). Testing of the 

Microtaggant by the Aerospace Corporation demonstrated that particles survived post-blast 

and were easily read under a microscope. In addition, retrieval from debris was simple (aided 

by the magnetic component, requiring minimal training. Importantly, Microtaggant could be 

implemented in most explosives in operation at the time. The exceptions to this included one 

kind of booster material and a smokeless powder. The main drawback to the Microtaggant is 

an increased cost of manufacture - based on incorporation at 0.05% weight comprising the 

taggant, explosive cost was calculated to increase between 2.3% and 23.5% depending on 

the explosive chosen (3).  

Explotracer is another identification taggant, formulated by Plast Laboratories. Unlike 

Microtaggant, Explotracer is a plastic powder which is mixed with fluorescent pigments and 

iron powder. The addition of iron powder fulfils the same role as the magnetic layer in 

Microtaggant – allowing easy recovery from likely debris. The combination of the pigment and 

metal provides the identifying “code” of the explosive which typically comprises 0.1% of the 

explosive (5). However, Explotracer was not tested in the Aerospace Corporation research 

program due to issues of manufacturer liability (3).  

Detection taggants were the second type of taggant implemented in 1980. While identification 

taggants are used for post-blast identification, detection taggants are designed for recognition 

pre-blast (39). These are chemical taggants added to low vapour pressure explosives emit a 

vapour due to their high vapour pressure. This vapour enables the detection when the 

explosive is concealed which is then analysed by one of several detector methods (40). The 

ability to detect this explosive is down to its vapour pressure of the taggant; the higher the 

vapour pressure, the better chance at detecting the explosive (41). By permitting a readily 

available signal, the detection of this taggant facilitates easy detection of the linked explosive. 

This offers the advantage of reducing initial detection of many explosives to a smaller number 

of taggant compounds. 
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Due to the nature of detection taggants, there is a finite list of prospective compounds. As a 

result, the International Civil Aviation Organisation (ICAO) instructs explosives manufacturers 

to use one of four compounds – ethylene glycol dinitrate (EGDN), 4-nitrotoluene (sometimes 

referred to as p-mononitrotoluene in the literature)  (4-NT), 2-nitrotoluene (can be found as o-

monotrinitrotoluene in the literature) (2-NT) and 2,3-dimethyl-2,3-dinitrobutane (DMNB). The 

minimum concentrations for incorporation in to explosive devices are stipulated as 0.2, 0.5, 

0.5 and 0.1% respectively (5,7,42). 

EGDN is a colourless liquid, has a molecular weight is 152.06 g/mol and has a density of 1.49 

g/cm-3 (5). It also has a vapour pressure of 3.7 Pa (43) -  one of the highest vapour pressure 

out of the four taggants suggested by the ICAO. Its properties are similar to that of 

nitroglycerin, a component in dynamite as well as many other explosive applications, but is 

less sensitive to stimuli (5). 

4-nitrotoluene, on the other hand, is a yellow crystalline solid with a slightly lower molecular 

weight than EGDN, of 137.14 g/mol. Its density is 1.392 g/cm3 (44), and its vapour pressure 

at 25 ºC is 1.25 Pa (45). 

2-nitrotoluene is a positional isomer of 4-nitrotoluene, with the methyl group on C2 instead of 

C4 of the benzene ring (Figure 4B and C). This molecule also has a molecular weight of 137.14 

g/mol, but is a transparent yellow liquid with a relative density of 1.163 g/cm3 (46) and a vapour 

pressure at 25 ºC of 5.53 Pa (45). 2-nitrotoluene has the highest vapour pressure out of the 

four taggants. 

Finally, DMNB is a white solid at room temperature (25 ºC) with a molecular weight of 176.172 

g/mol. Its relative density is 1.149 g/cm3 (47) and vapour pressure of  2.67 ppm (5), which is 

approximately 0.28 Pa – the lowest vapour pressure out of all the taggants listed.  
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Out of the four taggants approved by the ICAO, only DMNB and 4-NT are considered feasible. 

This is because 2-NT has a vapour pressure that is deemed too high – the odour released 

gives acute toxicity to workers (48) whilst EGDN is considered too unsafe to be used or 

manufactured, as it has a great sensitivity to stimuli such as shock and heat (5). As a result, 

the use of EGDN goes against the detection taggant criteria outlined in Table 2, as it cannot 

be safely stored or manufactured. Further to this, 4-NT is regarded in a similar light to 2-NT, 

as it produces the same toxic odour, due to being positional isomers, however, its vapour 

pressure is considerably lower (48). Further to this, one requirement of a detection taggant is 

that the compound cannot exist naturally and thus minimises the effect of background 

interference. Similarly, one advantage of DMNB, stated by the National Research Council is 

that it “has no known industrial applications” (48), which is inapplicable to the other taggants. 

2-NT and 4-NT can be reduced to make o-toluidine and p-toluidine, which are used in the 

manufacture of dyes, whitening agents and 2-NT can also be used to form herbicides (49). As 

a result, DMNB remains the most widely used detection taggant worldwide (43) as each other 

taggant mentioned fall short of the criteria stipulated in Table 2. 

A B 

D C 

E 

Figure 4 Structure of proposed taggants by International Civil Aviation Organisation. A) Ethylene glycoldinitrate, 
B) 4-nitrotoluene, C) 2-nitrotoluene, D) 2,3-dimethyl-2,3-dinitrobutane and the taggant proposed by Fettaka, E) 

propylene glycoldinitrate. 



18 
 

2.7  DMNB 

The usage of DMNB is well documented and in most countries, including the United Kingdom 

and United States, it is required that DMNB is added to all plastic-bonded explosives as per 

ICAO’s ‘Convention of the Marking of Plastic Explosives for the Purpose of Detection 1991’ 

(50), for example, it is a component in the Composition C4 explosive (an RDX-based 

explosive) implemented at 1.25% by weight (4). The inclusion of DMNB in these explosives 

aims to detect stolen/misused explosives, rather than those homemade. However, as 

previously stated, criminals tend to use detonating cords in homemade explosives – as these 

contain plastic explosives such as C4, these will be marked with DMNB. It is chemically inert 

and does not interact or compromise the explosive ability of the compounds it is added to.  

One advantage of using DMNB is that it has a low vapour pressure. This is a great advantage 

in terms of toxicity of the molecules. However, as previously mentioned, the higher the vapour 

pressure of molecules, the greater chance of detecting hidden molecules. When comparing 

this to the vapour pressure of explosive related compounds such as 0.00077 Pa TNT, 0.0007 

Pa PETN, 8 x 10⁻5 Pa RDX and 9.7 x 10-5 Pa picric acid (43), DMNB is at a considerably higher 

pressure compared to explosives, without the toxicity provided by the higher vapour pressures 

of nitrotoluenes.  

Furthermore, of the four taggants listed, DMNB has the second highest permeability to 2-NT, 

through wool, cotton and polyester (48) and thus can be easily detected through the linings of 

bags or clothing when hiding explosives. The advantage of using DMNB is that it avoids the 

toxic odours produced when using 2-NT. 

The main advantage of DMNB is remaining solid between room and manufacturing 

temperatures (<80 °C) unlike the other taggants selected by ICAO. Consequently, the 

manufacture of DMNB-tagged explosives (e.g. C-4), has minimised risk compared to those 

which become liquid at the same manufacturing temperatures, which are also susceptible to 

being triggered by stimuli. 

Moreover, DMNB is added to C4 (4), a routinely utilised military explosive, but also one of the 

most commonly-used terrorist explosives. Indeed, C4 has seen regular use as a component 

in IEDs in Iraq, was used in the 2002 Bali nightclub bombings and is recommended in the Al-

Qaeda curriculum of explosive training – illegitimately acquired from military authorities (21). 

Discovery and implementation of DMNB detection methods is of paramount importance for 

the future of preventing terrorism. 

Fettaka and Lefebvre (2016) have also proposed propylene glycol dinitrate (PGDN) as a 

detection taggant. The basis of this proposal is that IEDs cannot be identified using the typical 
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state-prescribed taggants as the explosive compositions are homemade. Consequently, novel 

methods of incorporation must be introduced. In the case of PGDN, the taggant would be an 

additive in precursors often found in homemade devices, for example, nicotine, like that stored 

in e-cigarettes, can be used to synthesise nitroglycerine and PGDN. One advantage of PGDN 

is that its vapour pressure is 2.54 Pa at 25 ºC, which is relatively low, as well as being placed 

between the vapour pressures of 4-NT and EGDN at the same temperature. Although this 

figure for PGDN has been disputed, as it has also been estimated as 11.58 Pa (43) – this 

application overcomes the issue of vapour pressure discussed consistently throughout the 

literature in regards to explosive detection methods, especially in Caygill et al,. 2016. However, 

a higher vapour pressure coincides with a higher toxicity of the gases produced, and 4-NT 

carries this risk at a vapour pressure of 1.25 Pa. 

PGDN is a similar case when comparing DMNB to EGDN (Figure 4A). EGDN has a linear 

structure than DMNB and possesses two extra oxygen atoms; the additional atom availability 

and electronegative force strength cause EGDN to be less stable and confers heightened 

sensitivity to particular stimuli as mentioned previously (10). PGDN (Figure 4E) is structurally 

similar to EGDN, with the addition of one methyl group on C2, and therefore shares similar 

physical properties to PGDN (unstable and thus shock-sensitive (51)). Despite possessing a 

similar vapour pressure to DMNB, these properties make both PGDN and EGDN extremely 

difficult to manufacture safely and handle if used as a taggant. Interestingly, PGDN has been 

described as having a greater energetic compatibility with explosives than DMNB due to its 

ability to detonate (unlike DMNB), which has allowed PGDN to be used as a propellant for 

torpedoes in the US Navy (43). 

2.8  CURRENT ANALYTICAL METHODS USED TO DETECT DMNB 
Many analytical techniques have been used to identify explosives – extensively covered by 

Caygill et al, 2012. However, there are few methods that enable detection of DMNB, providing 

a limit of detection and/or quantification. In Table 3, 6 out of 23 papers listed provide limits of 

detection for DMNB. The most popular techniques used for analysing taggants are consistent 

with those that are also popular explosive detection techniques such as ion mobility 

spectrometry (IMS) and gas chromatography-mass spectrometry (GC-MS) (37). However, 

other popular techniques such as olfactory detection are among the most frequently-used 

explosive techniques and are regularly used with the security industry – this is not the case 

for taggants. Olfactory-based sensors using animals including dogs, rats and insects, 

challenge pre-existing analytical techniques because they are fast, have real-time capabilities, 

have a low limit of detection and are easily transported (5,37). However, they cannot detect 

DMNB, despite its vapour pressure being higher than explosive compounds. Furthermore, this 

technique is not reproducible and has a high rate of false positives. Some methods in literature 
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enhance the olfactory capabilities of such animals, for example, rat epithelial cells have to be 

amplified by zinc nanoparticles detect DMNB (52).  

Table 3 Table comparing previous methods used to analyse DMNB and related compounds. This table compares 

the different sample preparation methods and LOD (Limit of Detection) achieved (if applicable) and the technique(s) 

used, in literature from 2001 – 2020. This is not an exhaustive list. 

Author Analyte(s) Matrix Sample Preparation LoD DMNB Technique(s) 

(7) 2-NT, 4-NT, DMNB, 
EGDN 

Solid standards SPME 0.31 ng GC-MS, IMS 

(53) 4-NT, DMNB Solid standards Preconcentration 
50/50 DP-DMPS 
stationary phase 

0.1 pg/cm3 ECHO-V-IDVS GC 

(54) 2-NT, 4-NT, DMNB, 
EGDN 

Solid standards Cryo-adsorption - Dynamic HS, GCMS 

(55) 2,4-DNT, 2,6-DNT, 
DMNB 

Standard 
solutions  

Standard solutions 
made up to 1mgmL-1 

in acetonitrile or 
methanol 

2.2 ng 
(estimated) 

μ-GC prototype 

(56) Explosive related 
compounds  

Solid (powder) Compressed into 
pellets or mixed with 
polyethylene powder  

- THz-TDS 

(11) DMNB Solid standard Fluorescence 
quenching 

- Fluorescence 
spectrophotometry, 

computational chemistry 

(9) 4-NT, DNT, DNB, 
DMNB 

Standard 
solution 

Fluorescence 
quenching 

- Fluorescence 
spectrophotometry, H1 

NMR, UV-Vis, 
computational chemistry 

(57) Detasheet, Semtex-
H, C4 

Standards SPME 1.6 ng HS, GCMS, IMS 

(8) C4, DMNB, 2E1H, 
cyclohexanone, bis(2- 

ethylhexyl)adipate) 

Standards HS-SPME  - FTIR, GC-MS, Olfactory 
detection 

(58) TATP, C4, 2,4-DNT Industry/military 
grade samples 

HS-SPME - GC-MS, Olfactory 
detection 

(59) Various explosive 
related compounds 

Methanol stock 
solutions 

SPME 

Homogenisation 

 

- HPLC-HRMS, XRD, XRF 

(60) HMX, PETN, TNT, 
RDX, DMNB, 2,6-

DNT, 3,4-DNT, 2-NT, 
2,4-INT 

Solid standards Dilutions using 
acetonitrile 

- DPV, PLS, PCA-NIPALS 

(61) HMX, RDX, DMNB Standards Polishing of carbon 
electrode 

- DPV, PCA-NIPALS, LDA 

(12) DMNB Solid standard Fluorescence 
quenching 

- Fluorescence 
spectrophotometry 

(42) DMNB, EGDN Vapour of 
standards and 

bulk NG and C4 
samples 

- 

 

- Handheld IMS 
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(62) DMNB, RDX, HMTD, 
TATP 

Standards in 1:1 
MeOH:ACN 

solution 

- 8 ng ESI-LEMS 

(13) DNT, DMNB Solid standards Fluorescence 
quenching 

- SEM, XRD, Fluorescence 
spectrophotometry 

(10) NB, DNB, TNT, DNT, 
NM, DMNB, HMX, 

RDX 

Liquid standards 
in 

benzophenone/b
enzonitrile and 

toluene 

Fluorescence 
quenching 

- Fluorescence 
spectrophotometry 

UV-Vis 

(63) DNT, DMNB Standards Solvent purification, 
GCE polishing, 
fluorescence 
quenching 

- TLC, column 
chromatography, H1 and 
C13 NMR, HESI-MS, IR, 
UV-Vis, DSC, TGA, CV, 

photoluminescence 
spectrometry 

(64) DMNB Solid standard GCE and BDD 
polishing, pre-

treatment of CF 

60 μg L-1 SWV, CV 

(65) DMNB Solid standard Microencapsulation, 
sieve tests 

- TGA 

(66) DMNB Solid standard Fluorescence 
quenching 

- FTIR 

(67) DMNB Solid standard Deuterated 
chloroform solution 

for NMR 

- Raman spectroscopy, 
computational chemistry, 
UV-Vis, H1 and C3 NMR 

ACN - Acetonitrile 
BDD – Boron Doped Diamond Electrode  
CV – Cyclic Voltammetry 
DPV – Differential Pulse Voltammetry 
DSC – Differential Scanning Calorimetry 
ECHO-V-IDVS – (Abbreviation not determined)-Ionization Detector of 
a Varying Selectivity 
ESI-LEMS – Electrospray Ionisation-Low Emisson Mass 
Spectrometry 
FTIR – Fourier Transform Infrared Spectroscopy 
GCE – Glassy Carbon Electrode 
GC-MS – Gas Chromatography-Mass Spectrometry 
HESI-MS – Heated Electrospray Ionisation-Mass Spectrometry 
HPLC-HRMS – High Performance Liquid Chromatography-High 
Resolution Mass Spectrometry 
HS – Headspace 

HS-SPME – Headspace-Solid Phase Microextraction 
IMS – Ion Mobility Spectrometry 
LDA – Linear Discriminant Analysis 
NMR – Nuclear Magnetic Resonance 
MeOH - Methanol 
PCA-NIPALS – Principal Component Analysis-Non-Linear Iterative 
Partial Least Squares 
SEM – Scanning Electron Microscopy 
SPME – Solid Phase Microextraction 
SWV - Square Wave Voltammetry 
THz-TDS – Terahertz Time Domain Spectroscopy 
TGA – Thermogravimetric Analysis 
TLC – Thin Layer Chromatography 
UV-Vis – Ultraviolent Visible Spectrophotometry 
XRD – X-Ray Diffraction 
XRF – X-Ray Fluorescence 

 

Amongst the most popular methods for detecting DMNB are fluorescence, GC-MS, UV-visible 

(UV-Vis) and infrared (IR) spectroscopy (Table 3 and Figure 5). These techniques are 

regularly used for detection of explosives, due to the presence of the nitro functional group 

that is typical of explosives. The presence within the molecular structure registers a 

characteristic signature in such analytical methods. In vibrational spectroscopy, the vibrations 

within this functional group “are the strongest in the IR spectra” (5) thus easily recognisable, 

intensified by addition of oxygen atoms. This is similar with fluorescence and UV-Vis 

techniques. Furthermore, GC-MS is a popular technique within analytical chemistry, especially 

in the forensic field for detection of drugs and explosives. It is also popular due to its extremely 

low levels of detection, whilst possessing the power to quantify molecules, as well as being a 
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fast and sensitive method. Depending on the molecule, GC-MS can sometimes require sample 

preparation to thermally stabilise the molecule or to improve its identification; these include 

headspace, pyrolysis, solid phase extraction (SPE) and solid phase micro-extraction (SPME).  

Moreover, all pieces of literature but one in Table 3 used sample preparation in their method. 

This shows a lack of simpler methods in the field of taggant detection. As the field moves 

towards simple, portable, field analysis systems (68), there is more demand for miniaturised 

techniques with similar capabilities to the techniques found in the laboratory environment. 

Indeed, Figure 5 shows a high number of papers utilising electrochemical techniques as these 

methods have become a growing trend in the forensic world, especially for illicit drug and 

explosive detection. They pose many advantages over existing analytical techniques by 

combining the following characteristics: high sensitivity, selectivity, portability, quick response 

time and low cost (69). Figure 5 also highlights a lack of MIP technology applied to DMNB. 

 

 

 

 

 

 

 

 

 

2.9  RECENT APPLICATIONS OF ALTERNATIVE TECHNOLOGIES 

2.9.1 ELECTROCHEMISTRY 
The use of electrochemical sensors is an emerging technique which has seen applications in 

diverse fields such as biomedicine, agriculture, defence and microbiology. This technology 

has been used for the detection of pesticides (disulfoton) (70), hormones (71), microbial 

corrosion of metal surfaces (72), as well as explosives and explosive-related compounds 

including HMX and RDX (60,61,64,73,74). Not only is this due to its sensitivity, selectivity and 

Figure 5 Popularity of techniques used to analyse DMNB or similar compounds from surveyed literature. 
Information has been taken from Table 3. 
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portability, its field testing analyses are comparable to its laboratory applications (75), making 

it a key technique for forensic application. 

Electrochemical detection analysis can either be potentiostatic (sometimes referred to as 

voltametric) or potentiometric, depending on the presence of a current running through the 

electrochemical cell. Potentiometric systems are static and thus do not have a current as it 

works on an equilbrium, whereas potentiostatic systems are dynamic, possessing a current 

which changes in response to the analyte concentration (76,77). Despite this difference, both 

systems work via oxidation and reduction occurring at the interface between the electrode and 

the solution (electrolyte), reacting to electron pressure – this is when the target analyte is 

forced to gain or lose electrons via these processes (77). The applied voltage at which 

oxidation or reduction occurs, is specific, and functional groups can help predict its 

electroactivity.  

Potentiostatic systems have a direct current connected to three electrodes; the reference, 

counter and working electrodes, all immersed in a solution containing the electrolyte, solvent 

and analyte housed within the system cell. The inclusion of a counter electrode makes this 

system ideal for potentiostatic analysis, and thus is the more popular method.  

The electrolyte, such as lithium or sodium perchlorate, mediates the redox reaction, facilitating 

the flow of electrons throughout the cell. The solution will also contain the solvent, often polar, 

in which the target analyte will be soluble. Examples of popular solvents are acetonitrile, 

methanol and distilled water. 

The reference electrode, usually silver/silver chloride, is a known, constant potential and thus 

is independent of the current produced by the target analyte’s redox reaction. This form of 

analysis is particularly sensitive to contamination, and so a counter or auxiliary electrode is 

often employed. This electrode forms a bridge for the current flowing from the system to the 

working and reference electrodes, shielding them from contamination. Platinum is commonly 

used due to being inert and thus does not interfere with the reactions taking place at the 

working electrode, whilst being a good electrical conductor (76). The final part is the working 

electrode. The output of the electrochemical sensor is a direct measure of the interface 

between the working electrode and the electrolyte – enabled by response of the working 

electrode to the redox reactions of the target analyte. ‘Direct’ measurement of the analytes 

potential is achieved by determining the difference between the working electrode’s potential 

and that of the reference. Working electrodes are usually glassy carbon, with instances in the 

literature also using gold, platinum and silver (60), gold nanoparticles (78) and other 

nanomaterials (79).  
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2.9.2 3D PRINTING 

3D printing has been widely used in many diverse industries, facilitating innovative creations 

in a range of disciplines. The popularity of 3D printing owes to its capacity for customisation 

and reproducibility. It is easily coupled with AutoCAD/Fusion 360 software, allowing virtually 

any industry to easily implement this programme to fulfil their desired aims. Designs can be 

imported to a 3D printing application, which then prints the design, layer by layer, building the 

model using the selected filament. The range of options is constantly expanding but many 

applications use plastic-based filaments such as are polylactic acid (PLA) or acrylonitrile 

butadiene styrene (ABS). 

3D printing has seen particular usage in the medical industry, where recreation of a patient’s 

anatomy to be studied prior to surgery for use in simulations of the surgery with this replica 

model (80).  Other applications include designing prosthetic fingers using antibacterial 

filaments (81), printing weapons such as knives and guns (82), complex food designs such as 

pasta and crackers as well as “3D food printing”, allowing direct customisation of food and 

ingredients for specific demographics (83). In addition, it has seen great use in the world of 

electronics, whereby sensors are introduced into skin to create “electronic skin” and respond 

to stimuli such as pressure, torsion and strain (84), as well as being used to create PLA and 

carbon multiwalled conductive nanotubes (85).  

Recent literature demonstrates the emerging use of 3D-printed working electrodes, facilitating 

increased efficiency of application and reduction of cost through bulk manufacturing using 

conductive carbon PLA/graphite/graphene filament (85–87) and silver/silver chloride 

reference electrodes by using electroplating (88). The main manufacturers of this type of 

filament are Proto-Pasta and Black-Magic (86). The incorporation of graphite/graphene or 

“carbon black” into PLA combines the positive attributes of both; the flexibility in application of 

a plastic in addition to being electrically conductive, low cost, light weight and thermally stable 

(89).  

These innovations show a move to manipulate electrochemical sensors, as the use of 3D 

printing can easily change the surface area of the working electrode, directly impacting the 

level of current achieved in the analysis by increasing the surface area of the interface. The 

level of current in a system is directly proportional to the surface area of the electrode and the 

flux, shown in Equation 1.  
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𝑖 = 𝑛𝐹𝐴𝐽 

Equation 1: Current in a system is directly proportional to surface area of the electrode and flux in the system. 

Where i = current, n = number of moles of electrons exchanged in the reaction, F = Faraday’s constant, A = surface 

area and J = flux in the system. 

3D printing of these electrodes for electrochemical analysis allows easy manipulation of 

requirements to accommodate diverse equipment or environment needs, making 3D printing-

coupled electrochemical analyses a promising method in the forensics field. Novotny (2019) 

has used this technology to formulate sensors for nitroaromatic explosives such as picric acid 

with low limits of detection and quantification (0.1 and  0.3 ppm respectively) (86). This not 

only shows promise of development in the area but also the potential for its application to 

challenge the sensitivity of traditional sensors. 

2.9.3 MOLECULARLY IMPRINTED POLYMERS (MIPS) 
Molecularly imprinted polymers have also experienced increasing popularity in the forensic 

field (90). They provide the same advantages that electrochemical techniques do - they are 

incredibly sensitive, selective and cost-effective (91) as well as being portable, provide low 

limits of detection (92), reusable and robust (93).  

This technique operates in a similar way to antigen-antibody or the lock-and-key model of 

enzyme-substrate interactions. Each MIP molecule comprises of functional monomers, each 

possessing recognition sites – the lock – which shows great affinity for the template molecule 

– the key (94). Affinity is determined by the structure of the template and physical interactions 

with the functional monomer, enabling use of the MIP for detection of the template molecule 

(92,93).  

The development of such a system starts with the identification of the template. The molecule 

should not contain functional groups that can be polymerised, while possessing functional 

groups which can form complexes with the chosen MIP and must demonstrate chemical 

stability during polymerisation (95). Improving stability is often achieved by the presence of 

highly polar groups such as the carboxyl, amino and nitro groups. Popular functional 

monomers in the literature are acrylates, with many choosing methacrylic acid due to its strong 

polarity (93,95,96). 

The choice of an appropriate functional monomer is as crucial as the choice of the template. 

The chosen monomer and its concentration ratio relative to the template play an important 

role in the success of the MIP. Too high of a functional monomer concentration will cause self-

aggregation of the excess monomers, reducing the total number of available binding sites 

(92).  
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The next step is assessing the polymerisation in the presence of the template, the formation 

of copolymers and the determination of the polymerisation solvent (known as the porogen) 

(93). The solvent choice is crucial because this step fixes the arrangement of the monomers 

by dissolving both the monomer and the template molecule, with subsequent monomer 

precipitation allowing the formation of the polymer (94). Common solvents include benzene, 

toluene and methylene chloride (92).  

The elution is the final step, which leaves behind ‘imprinted’ cavities within each monomer that 

complement the shape, properties  and functional groups of the template molecule (70), for 

example, the presence of nitro groups. Future use of this system will allow binding of an 

unknown molecule for its characterisation or not via a self-assembly process (97).  

So far, MIPs have been used to detect a variety of different substances in a variety of fields 

such as agriculture, pharmaceutical, textiles and the food industry. These substances include 

pesticides (70), phytoestrogens using dopamine as a functional monomer (98), extraction of 

‘Congo red’ azo dye (99), mycotoxins in cereal (100) and residues of veterinary medicines in 

fish, milk samples and baby food such as quinolones and fluoroquinolones (101). MIPs have 

also been applied to the defence industry for a variety of molecules. At the time of publication, 

according to Zarejousheghani et al. (2019), there were 57 pieces of literature from 2006 – 

2019 that proposed innovative ways of using molecularly imprinted polymers to detect 

explosives and explosive-related compounds. The molecules included TNT, RDX, PETN, 

HMX, TATP, CL-20, nitroglycerin, EGDN and 2,6-DNT (79,96,102–104). However, like 

electrochemical sensors, there is limited technology focussing on the taggant DMNB despite 

its application to various explosive compounds. 

MIPs are also well-known for their complementary application to electrochemical sensors, and 

when the two techniques are combined, these advantages complement and amplify each 

other, forming a highly-selective, highly-sensitive, portable and inexpensive detection method. 

The detection of the target molecule(s) by the polymer are also based on their electronic 

properties such as electronic potential (92). There are some existing pieces of literature that 

have combined the two techniques for this purpose for instance, the detection of pesticides 

disulfoton (70) and 2-isopropoxyphenol (105) explosive TATP (106), benzo(a)pyrene (107) 

and 1,3-dinitrobenzene (108). The combined method has showed a greater limit of detection 

when directly compared to electrochemical methods alone, such as the detection of TATP by 

Mamo and Gonzalez-Rodriguez: 27 μg L⁻¹ compared to 4200 μg L⁻¹. This piece of literature 

also demonstrated that the combined method has the same impact on the limit of quantification 

– 82 μg L⁻¹ compared to 12,300 μg L⁻¹ (106).  These comparisons show great promise for the 
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combined use of molecularly imprinted electrochemical sensors in the forensic field, especially 

for the detection of taggants – such as DMNB. 

2.10      AIM 

Design and create a functioning molecularly imprinted electrochemical sensor for detection of 

DMNB using a glassy carbon electrode and 3D-printed electrode using conductive PLA. 

2.11 OBJECTIVES 

• Analyse decreasing concentrations of DMNB with a glassy carbon electrode using both 

cyclic and differential pulse voltammetry 

• Determine the working solution to facilitate electrochemical analysis 

• Determine oxidation and reduction peaks for glassy carbon electrode 

• Use computational chemistry programme Spartan to select the ideal monomer and 

target:monomer concentration for MIP  

• Design an electrode using 3D printing programme AutoCAD 

• Print a functioning electrode using conductive PLA filament 

• Determine conditions and working solution to analyse DMNB using the 3D-printed 

electrode  

• Determine oxidation and reduction peaks using the 3D-printed electrode 
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3 MATERIALS AND METHODS 

3.1 CHEMICALS  
Unless contradicted, all chemicals used were of analytical grade. 

Acetonitrile (98%; ACN), acetic acid (99%), 2,3-dimethyl,2,3-dinitrobutane (DMNB), potassium 

ferricyanide and tetrabutylammonium perchlorate (TBAP) were purchased from Sigma-

Aldrich. The ‘Bright Copper Electrolyte’ and copper conductive varnish, Kupfer Leitlackspray, 

were purchased from Tifoo, Marawe GmbH & Co. KG. The silver spray, Silver Plated Copper 

Screening Compound, was purchased from RS Pro. The graphite-containing spray, Graphit-

33 Aerosol Graphite, was purchased from Kontakt Chemie. Pyrrole (98%) was purchased from 

Sigma-Aldrich. 

The neon yellow acrylonitrile butadiene styrene (ABS) 1.75 mm filament and the blue polylactic 

acid (PLA) 1.75 mm filament were both purchased from Amazon.co.uk. The conductive PLA 

1.75 mm filament was purchased from Proto-pasta.com. 

3.2 DMNB STOCK SOLUTION AND STANDARD PREPARATION 
A 10 mM DMNB stock solution was prepared by measuring 0.385 g of DMNB and dissolving 

in acetonitrile – this was made up to 100 mL. Dilutions were then made at 1 mM, 100 uM, 50 

uM, 10 uM, 5 uM and 1 uM in 50 mL volumetric flasks. TBAP was then added for 

electrochemical analyses to the 50 mL solutions at a concentration of 0.1 M to each dilution. 

3.3 POTASSIUM FERRICYANIDE SOLUTION 
A 10 mM solution of potassium ferricyanide solution was prepared by measuring 1.645 g of 

potassium hexacyanoferrate salt and dissolving in distilled water to make up 500 mL. 37 g of 

potassium chloride salt was added to make up the solution to a 1 M concentration of potassium 

chloride. 

3.4 WORKING SOLUTION ANALYSIS 
Voltammetric experiments were performed using a Metrohm 757 VA Computrace (Metrohm 

Ltd., UK) and data processing was facilitated using Nova 2.0 software. A conventional three 

electrode system was used: consisting of a glassy carbon working electrode, a silver/silver 

chloride electrode as a reference electrode, and platinum as an auxiliary electrode (Metrohm 

Ltd., UK).  

The glassy carbon electrode was prepared by polishing with aluminium oxide and silica with 

distilled water. The cyclic voltammetry settings were as follows: for oxidation, the upper vertex 

potential was +1.6 and lower was 0.0, and the CV ladder was set to 0.502. For reduction, the 

upper vertex potential was 0.0, and lower was -1.6 – the CV ladder was set to -0.502. Both 
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these settings had scan cycles of 6 and repeated 5 times for each concentration of DMNB, 

with a scan rate of 0.1 V s-1. 

Following identification of the oxidation and reduction peaks, differential pulse voltammetry 

was performed. The same settings were applied to identify both the oxidation and reduction 

peaks respectively. After each cycle of 6, all 3 electrodes were cleaned with distilled water 

before being connected to the potentiostat. After each DMNB sample was analysed 5 times, 

the cell and electrodes were cleaned with distilled water. 

Differential pulse voltammetry was used on the same settings, with a scan rate of 0.01 V s-1. 

3.5 POLYMERISATION 
For both non-imprinted and molecularly imprinted polymerisation, the basis of the solutions 

was the same: 0.1 M TBAP, 0.1 M pyrrole and acetonitrile, made up to 10 mL. For molecularly 

imprinted polymerisation, an additional 1 mM of DMNB was added. The template removal 

solution was made up of a 1:5 (v/v) acetic acid:acetonitrile solution to a 12 mL solution. 

The glassy carbon electrode was then placed in a three-electrode set up in a solution of 0.1 

M pyrrole, 0.1 M TBAP and acetonitrile. The method was followed as per Qader (70) with the 

following modifications: analyses were measured between -1.6 and +1.6 V at 0.05 V s-1 for 10 

cycles. Next, a conditioning cycle of -1.6 - + 1.6 V at 0.05 V s-1 for one cycle. Lastly, the 

template removal step was measured within a range of -1.6 to +1.6 V at 0.05 V s-1 for 10 

cycles.  

3.6 3D PRINTING 
AutoCAD v.2019 was used to create several sensor designs, which were then transferred to 

a 3D printer, XYZ da Vinci Pro 1.0 3in1. The print settings for each filament are as follows: for 

the bed temperature was kept at 60ºC for each filament, whereas the nozzle temperature for 

the ABS, PLA and conductive PLA filament were 230 ºC, 230 ºC and 215 ºC respectively 

(109). 

The first, was a grid-like design with a handle attached. The grid-like structure is 34 mm x 42 

mm x 2 mm with 20 square 6 x 6 mm gaps, and 2 mm lengths between these gaps. Each 

handle attachment has a width of 2 mm and vary in length from 50 mm (long), 35 (medium) 

and 20 (small). For most of the study, assume the long-handled 3D print is used unless stated 

otherwise. The designs are shown in Figures 6 and 7 in Section 4.1, Results and Discussion. 

A second design was a rod-like structure, created to the measurement of a graphite rod, with 

the measurements (10.2 cm length, 5 mm diameter).  
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3.7 CONDUCTIVE SPRAY COVERINGS 
When using each conductive spray, the 3D-printed electrode was hung in a walled container 

in a fume hood. Once the electrode was covered with one layer, it was left to hang in the 

cardboard box for at least 15 minutes between each layer. 

3.8 ELECTROPLATING 
The 3D-printed models were electroplated with using a QUAT Power adjustable power supply 

unit LN-1803C. To electroplate copper onto the surface of the 3D printed electrode, the power 

supply was connected to the 3D-printed electrode and a piece of pure copper wire. These 

were immersed in Tifoo 'Bright Copper Electrolyte’ in a beaker and connected for 

approximately 3 hours. The settings were 0.3 A and 1 V.  

This was repeated using a Tifoo electroplating spray, a silver bullion and 0.5 M concentration 

of silver nitrate, in order to electroplate the 3D printed rod with a silver layer.  

3.9 COMPUTATIONAL CALCULATIONS 
In order to pair the template molecule with the best monomer, a series of computational 

calculations were performed using Spartan 2014 v.1.1.4. These calculations are widely used 

in the literature to screen monomers and characterise their interactions with the template 

molecule (110) – in this case, DMNB. The monomers tested were pyrrole, phenol, methacrylic 

acid, aniline, acrylamide and methacrylamide using density functional theory at B3LYP, 6-

31G* level in a vacuum. These monomers have appeared consistently throughout the 

literature and have proven applications to the methodology. The energies for the monomer, 

the template and the template-monomer complex are each added up and averaged; the 

averages and then inputted into the above equation. The best monomer was determined by 

the resulting monomer-template complex energy, ΔE, which was calculated by the following 

equation (70):  

∆𝐸 = 𝐸(𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒 − 𝑚𝑜𝑛𝑜𝑚𝑒𝑟) − 𝐸(𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒) −  ∑ 𝐸(𝑚𝑜𝑛𝑜𝑚𝑒𝑟) 

The best monomer is the one that gives the most negative ∆E value as it gives the most stable 

molecularly imprinted polymer. This same approach is followed when using semi-empirical 

theory at PM3 level to calculate the best template:monomer ratio. The template:monomer 

ratios calculated were 1:1, 1:2, 1:3, 1:4, 1:5 and 1:6.  
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3.10 RAMAN SPECTROMETRY 
A Horiba LabRam Raman spectrometer was used and LabSpec 5 programme was used for 

analysis. A Euromex microscope fibre optic light source was also used. Raman spectroscopy 

was used as a confirmation technique in this documentation. An MPC 6000 was used as the 

laser source - the green laser was used for analysis, which has a wavelength of 537 nm, and 

data was processed using LabSpec programme. All the samples were analysed using a full 

spectrum, 200 – 4000 cm-1 unless stated otherwise. Individual settings regarding the filter, 

hole and acquisition time are each independently stated on corresponding figures in Sections 

4.4.1 and 4.5.1. 

3.11 REFERENCES FOR THIS CHAPTER 
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4 RESULTS AND DISCUSSION 

4.1 3D PRINTED ELECTRODE MODIFICATIONS 
The study was started by piloting the potential introduction of a 3D printed electrode, with the 

aim to create a cheaper option to glassy carbon electrodes, which are routinely used in 

electrochemical analysis.  

The primary idea for the electrode was a grid-like shape with a handle in order to connect to 

the potentiostat with crocodile clips (Figure 6). At this stage, an ABS filament is being used. 

 

 

 

 

This was to optimise the surface area that would be in contact with the molecules when the 

polymer is created as an increase in area reduces resistance, and thus ensuring a greater 

current in electrochemical analysis. Different lengths and positions of these handles were 

explored to explore the possibility of making a combined system, with three different sensors 

– this is shown in Figure 7. 

 

 

 

 

 

 

 

Alone, ABS does not conduct electricity and PLA very little, therefore, two conductive sprays 

were explored as coating options – one is graphite-based and the other copper-based. In order 

to compare these modifications, a pure graphite rod (10.2 cm length, 5 mm diameter) was 

tested on both the multimeter - the graphite rod had a resistance 0 Ω. The graphite rod was 

also analysed on the potentiostat (Figure 8), as well as a standard size glassy carbon 

electrode (Figure 9). 

Figure 6 Sensor design produced using AutoCAD v.2019 

Figure 7 Designs produced using AutoCAD v.2019 with different length handles. 
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Figures 8 and 9 demonstrate the size of response expected from the modifications performed, 

as one aim of this study is to replicate the response of a glassy carbon electrode, as well as 

the shape with progressive analysis.  

Prior to its potentiostat analysis, the resistance of each modification was tested used a 

multimeter. 

Figure 8 Cyclic voltammetry analysis of a pure graphite rod using the 1M potassium ferricyanide solution. This 
analysis had an upper vertex potential as 1 V, a lower vertex potential as -1 V and a scan rate of 0.1 V s-1. 

Figure 9 Cyclic voltammetry analysis of a glassy carbon electrode using the 1M potassium ferricyanide solution. This 
analysis had an upper vertex potential as 1 V, a lower vertex potential as -1 V and a scan rate of 0.1 V s-1. 
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The first conductive spray tested was the graphite spray, which was sprayed once on each 

print. The average resistance of each print from the tip of the handle to the parallel end of the 

3D print on each print was measured, which gave an average of 1,806, 1,079 and 2,012 Ω for 

the large, medium and small handled print respectively. The resistance decreased slightly 

when two layers were added to each ABS print – an average of 900, 699 and 749 Ω 

respectively. The large handled print was chosen as it was the print that worked the best with 

the equipment due to its longer length. This resulted in an average resistance, on the same 

voltammetry settings, of 1110 Ω. Any references to the grid electrode describe the use of this 

print.  

More layers were added to the prints in aid of reducing the resistance on the multimeter and 

thus would create less resistance in potentiostat analysis. Four layers of graphite spray were 

sprayed on the ABS printed electrode, producing an average resistance of 1,011 Ω for the 

large handled print. This was analysed on the potentiostat using ferricyanide solution (Figure 

10) – the make-up of the solution is outlined in Materials and Methods Section 3.3.  

 

 

 

 

 

 

 

 

 

Although there is some response from the potentiostat, the sharp descent in response from 

around 0.2 V demonstrates that there is still a high amount of resistance.  

As a result, a second spray tested which was a copper-based spray – this was chosen due to 

the well-known conductivity of copper and its use in electrical applications in industry for wires 

(111), which has an electrical resistivity 1.7 x 10-6 Ω cm-1 (112). Copper is less resistant than 

graphite, which has a value of 0.006 Ω cm-1 (113) and thus is a better candidate for coating a 

Figure 10 Cyclic voltammetry analysis of the ABS electrode sprayed with four layers of graphite spray as the 
working electrode using 1M potassium ferricyanide solution; an upper vertex potential of 1 V, a lower vertex 
potential of -1 V and a scan rate of 0.1 V s-1. 
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3D printed filament. However, testing the copper spray alone, there was no response from the 

multimeter, indicating that the spray does not conductive electricity like the graphite spray.  

This copper spray is a primer for electroplating, so to achieve this, copper wire as the source 

of copper. The surface changed to a noticeably shiny texture (Figure 11), suggesting that the 

electroplating had worked – this was further confirmed by a consistent 0 Ω value on the 

multimeter. However, during potentiostat analysis when using potassium ferricyanide, the 

copper coating flaked off into the cell and further oxidised whilst in storage. This rendered the 

copper coating unusable for repeat analyses as an outer coating. 

 

 

 

 

 

 

 

By using previous conclusions, 1 layer of copper spray was added then electroplated, and 

then four layers of graphite spray was tested on the ABS grid print. This is so that the copper 

electroplated provides the best conductivity and least resistance, whilst the graphite spray 

forms a protective layer around the copper from the degradation of the potassium ferricyanide 

solution. Its multimeter measurement was 0.0019 M Ω and then it was tested using the 

potentiostat (Figure 12). 

 

Figure 11 Result of electroplating using the Kupferleiker spray and a piece of copper wire prior to potentiostat analysis. 
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The response from Figure 12 is indicative of a high resistance and therefore, does provide 

any peaks on the multimeter. When comparing to this figure to Figure 10, Figure 10 gives 

some response, and thus the combination of the graphite and copper seems to have had the 

adverse effect.  

It was also apparent that due to using the long-handled print for convenience of 

experimentation, this posed its own risks in terms of more resistance across the length of the 

handle, and therefore, loss of conductivity. 

Thermo-wrapping the handle was tested to ensure conductivity was not lost across the length 

of the 3D printed electrode. Thermo-wrapping is used by electricians to secure contact 

between two points in order to conduct an electric current across it, which shrink around a 

material in response to heat; however, its application within the literature for similar electronic 

applications is limited. Due to the response in Figure 10 that was absent in Figure 12, the use 

of the copper spray was eliminated from the proceedings.  

As a result, the grid print was sprayed with four layers of graphite spray and the handled was 

wrapped with copper wire and thermo-wrapped, producing an average resistance of 2800 Ω. 

Across the thermo-wrapped length only, the average resistance was 26250 Ω when in direct 

contact with the wire. This too rendered too much resistance when analysed on the 

potentiostat and did not produce a voltammogram that could be analysed.  

Figure 12 Cyclic voltammetry analysis of the ABS electrode sprayed with four layers of graphite and an 
electroplated layer of copper, as the working electrode using the 1M potassium ferricyanide solution; an upper 
vertex potential of 1 V, a lower vertex potential of -1 V and a scan rate of 0.1 V s-1. 
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The next concept was that of a conductive polymer such as ABS or PLA that could be directly 

3D printed with, similar to that mentioned in the literature in pilot studies to create sensors for 

various materials. The filaments mentioned include those purchased from Proto-pasta.com 

(75,85,86,89) and Black Magic 3D (86,88). Furthermore, as the material in inherently 

conductive, it will overcome the issues of using the conductive sprays and previous methods 

that have been mentioned in this study. This was achieved by using the grid same design and 

printing it with a graphite induced conductive PLA filament purchased from Proto-pasta.com. 

This was analysed in the same way as previous 3D prints in this study when using a 

multimeter. The average resistance across the length of the grid using the conductive PLA 

was 0.0013 M Ω and it was also tested using the same ferricyanide solution and using the 

potentiostat, the same as previous analysis. This potentiostat analysis is detailed in Figure 13. 

 

 

 

 

 

 

 

 

 

 

Figure 13 demonstrates a response from using the ferricyanide solution and shows a definitive 

large peak at around 1.1 V.  

In order to directly compare the use of the conductive PLA filament to the pure graphite rod, 

this was compared to a rod shape 3D print design with the same measurements as the pure 

graphite rod that was tested. This had an average resistance of 0.0017 M Ω when using the 

multimeter and was also tested using the potentiostat and potassium ferricyanide solution; the 

response of the 3D printed rod is shown in Figure 14.  

Figure 13 Voltammogram of potentiostat analysis using the conductive PLA grid as an electrode in a 1M potassium 
ferricyanide solution using cyclic voltammetry. Scan rate was 0.1 V s-1 with a scan cycle of 6. 
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To improve this, the previous electroplating technique was trialled using the graphite 

conductive PLA filament using a silver coin and a silver nitrate solution, and although the silver 

collected on the surface, it did not adhere to it once placed in solution.  

The concept of electroplating 3D printing plastic is well documented within the literature (114–

122), with some mentioning PLA induced with graphite/graphene/carbon black (88,123,124). 

Despite this, only one option was available at the time of purchase – ProtoPasta, which is 

used in this study, and no ABS alternative was found to be on the market. A second type was 

discovered after completion of the study: one in particular used by Novotny, 2019, who created 

a silver electrode using a conductive graphene filament and a silver-plating solution, followed 

by an immersion in bleach (88). This method took 800 seconds in order to successfully deposit 

the silver onto the 3D printing plastic, which is a lot shorter than the unsuccessful method 

outlined in this study, which was around 3 hours. The voltage used was -0.9 V compared to a 

1 V and 0.3 A in this study, whereas the amperage wasn’t detailed in the study by Novotny. 

Furthermore, the 3D printing plastic used by Novotny was purchased from BlackMagic 3D, 

whereas this study used ProtoPasta. The filament purchased from BlackMagic is composed 

of graphene and polylactic acid (125) whereas ProtoPasta is composed of polyactide resin, 

carbon black and a polymer (126). For both 1.75 mm filaments, BlackMagic is quoted from the 

website as having a resistivity of 0.6 Ω per cm (127) whereas ProtoPasta is quoted as being 

between 30 – 115 Ω cm-1 once printed (128) – therefore, BlackMagic is less resistive compared 

to the ProtoPasta filament. Furthermore, BlackMagic is also insoluble in water (125) and thus 

would function with polymerisation in water. This reason could have added to the unsuccess 

Figure 14 Voltammogram showing the potentiostat analysis of the conductive PLA rod shaped electrode is used 
in 1M potassium ferricyanide solution, using cyclic voltammetry. The settings were a scan rate of 0.1 V s -1

 and a 
scan cycle of 6. 
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in this field as the filament chosen was too resistive – the filament prior to printing, across a 

10 cm length has a resistance of 2000 - 3000 Ω cm-1 (128).  Therefore, using BlackMagic 

instead would improve the viability of this method. Although, for a 500g spool of each filament, 

BlackMagic is $100 (127) whereas ProtoPasta is $49.99 (128), both exported from the United 

States, and thus, making the initial purchase of the materials more expensive. After all, one 

aim of the study was to create a 3D printed electrode using a conductive filament, that could 

be reused and partnered with an MIP for increased specificity and sensitivity of detection and 

is also cheap to make. 

Furthermore, placing the conductive PLA filament in the working solution caused the filament 

to disintegrate, regardless of its shape; this was because the working solution contained 

acetonitrile, which PLA is soluble in, and thus, the 3D printed electrode can no longer be used. 

Additionally, the aim of the study initially was to cover the conductive PLA filament with a spray 

or by electroplating it with silver, like that of Novotny’s method, as this would improve the 

conductivity. However, in practice, as mentioned previously, it proved difficult to replicate 

Novotny’s result. 

 As a result, the conductive filaments were investigated into whether they stopped this 

corrosion caused by acetonitrile whilst allowing conductivity, by covering the PLA filament with 

the graphite spray. Despite the high resistance of the sprays, when combined with a 

conductive PLA filament rather than a PLA filament, the hypothesis was that there would be 

greater conductivity by comparison and the low conductivity of the sprays would have less 

impact. Furthermore, it would protect the PLA filament from dissolving in the solvent and 

disrupting its structure. However, this did not achieve any response from the potentiostat as 

the shape of the voltammogram indicated there was too much resistance in the system when 

analysed using the potentiostat. 

As a result, the concept of a 3D printed electrode was terminated at this point due to this – the 

current method was not viable for this material. Further analysis was continued using the 

glassy carbon electrode. The following analysis is an original method that introduces an MIP, 

whilst keeping in mind the analysis of DMNB by Wang (64) as guidance as it attempts to 

recreate the same result prior to MIP creation.  

4.2 GLASSY CARBON ELECTRODE ANALYSIS 
Glassy carbon electrodes are popular within electrochemistry and is used throughout the 

literature as a working electrode. This is followed in this study, and its analysis prior to any 

MIP created is performed to establish the optimum conditions/parameters for the working 

solution. In this case, the optimal working solution needed to be identified to provide the best 

conditions for DMNB analysis – this includes the solvent, solubility, pH and equilibrium as 
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potential affecting factors. Solution 1 is the stock solution, which is made up of 100 mL 

acetonitrile and 10 mM DMNB. It is then used to make-up the dilutions in Solution 2 - the 

process is outlined in Materials and Methods, Section 3.2. A summary of the changes to the 

solution for reference throughout this section is detailed in Figure 15. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Solution 1 
10 mM DMNB 

100 mL Acetonitrile 

Solution 2 
10 mM DMNB  

200 mL Acetonitrile 

0.1M LiClO4 

Solution 3 
10 mM DMNB 

100/100 mL acetonitrile/deionised water 

0.1 M LiClO4 

Solution 4 
1 mM DMNB  

100/100 mL Acetonitrile/pH7 phosphate buffer 

0.1 M LiClO4 

Solution 5 
1 mM DMNB  

70/30 Acetonitrile/pH7 Phosphate buffer 

0.1 M LiClO4 

Solution 6 
1 mM DMNB 

100 mL Acetonitrile 

0.1M TBAP 

Figure 15 A summary of changes made in this section to the working solution. 
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Figure 16 demonstrates there is a response when adding DMNB to the working solution, yet 

there is no definitive oxidation peak like those common to electrochemical analysis – this is 

possibly due to the lack of an electrolyte to supply electrons into the system, causing a surge 

in the current. As a result, Solution 3 was developed to include an agent to supply these 

electrons – lithium perchlorate (LiClO4) was chosen due to its popularity in this context in 

electrochemical analysis (106). Its response is shown in Figure 17. 

 

 

 

 

 

 

Figure 17 Comparison of diluted solutions of varying concentrations of DMNB in 0.1 M LiClO4 ACN (Solution 2) 

against the 0.1 M LiClO4 ACN stock solution. The analysis was completed on the same settings as Figure 10.  

Figure 16 Comparison of diluted concentrations (Solution 1) against pure acetonitrile. This analysis was performed 
using an upper vertex potential of 1.2 V, lower of -0.5 V and a scan rate 0.1s. 
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There is a significant change in shape between the response in Figure 16 compared to Figure 

17 and increases the current response by ten-fold. However, Figure 17 also does not show 

the characteristic peaks that are seen in the literature. This is because despite the inclusion 

of lithium perchlorate to the working solution, there remained an absence of protons to 

protonate the nitro functional group in the DMNB molecule.  

Therefore, Solution 3 includes a 50/50 (v/v) mix of deionised water (DW) and acetonitrile 

(ACN) to introduce protons to the system – these solutions are miscible. This current system 

using Solution 3 cannot be oxidised further and thus explains the small response when 

performing cyclic voltammetry at positive voltage – this promotes oxidation of the species. 

However, DMNB can be reduced and the addition of DW would improve the reduction potential 

signals due to the presence of additional hydrogen atoms, allowing DMNB to be protonated. 

Figure 18 details two potential reduction reactions that DMNB may undergo after DW addition. 

The reaction products in Figure 18 are based on the typical reactions of nitro functional groups 

found in the literature (129) and thus the equations were self-determined. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18 Theoretical reductions of DMNB to (A) 2 ,3-dimethylbutane-2,3diamine and (B) N,N'-Dihydroxy-2,3-dimethyl-2,3-

butanediamine.  

A 

B 
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Figures 19 and 20 show the analysis of Solution 3; Figure 19 shows the potentials using cyclic 

voltammetry, whereas Figure 20 uses differential pulse voltammetry analysis – where 

differential pulse voltammetry is more sensitive out of the two parameters.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19 Cyclic voltammograms displaying the response from Solution 3, analysing (A) the oxidation potential 
and (B) the reduction potential. (A) was performed under the following parameters: an upper vertex potential of 
1.8 V, a lower vertex potential of 0 V and a scan rate of 0.1 secs. (B) was performed using the same scan rate, 

but an upper vertex potential of 0 V, and a lower vertex potential of -1.8 V. 

B 

A 
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There seems to be no identifiable peaks found in Figure 19A, whereas there is a small peak 

in Figure 20A, at around 0.2 V. However, the focus is placed on the reduction potential 

voltammograms due to the rationale for adding water to the working solution mentioned above. 

In Figure 19B, there is a small peak identified for most of the concentrations at around -0.32 

V in the cyclic voltammogram – this is also found in Figure 20B around the same potential. 

The peaks are more identifiable in 20B as differential pulse voltammetry is a more sensitive 

parameter than cyclic voltammetry. As a result, in Figure 20B, there is noticeable peak 

potential shift, which is more significant in the lower concentrations of 10 mM and 1 uM. This 

B 

A 

Figure 20 Differential pulse voltammograms of the response from Solution 3. (A) is used to identify the oxidation 
potential, with an upper vertex potential of +1.6 V and a lower vertex potential of 0 V. (B) is used to the reduction 
potential, with an upper vertex potential of 0 V and a lower vertex potential of -1.6 V. The scan rate is 0.01 V s-1. 
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is possibly because each dilution of DMNB has a different concentration and thus has a 

different number of protons and hydroxide ions, which directly affects the pH of the solution 

as there is no buffer in the solution. A greater amount of hydroxide ions which create a more 

alkaline pH (pH 7-14) and a greater amount of protons in the solution will create a more acidic 

pH (pH 1-7) – depending on the pH of the solution, the reduction or oxidation potential will be 

favoured. In this case, the greater influx of protons will create a slightly acidic environment, 

lowering the pH, favouring the reduction potential. Its impact is governed by the Nernst 

equation (Equation 1), which is used to determine the equilibrium potential of the cell as a 

result of its concentration gradient. Following the addition of protons to a cell system, Q 

decreases as a result and thus the non-standard cell potential increases (Ecell). Therefore, 

decreasing DMNB concentration leads to a decrease in the non-standard cell potential, thus 

causing the shifts seen in Figure 20B. Q is directly impacted by the concentration of protons 

and thus, affects the pH of the solution, as per Equation 1. 

Equation 2 Nernst equation, where Ecell = cell potential under nonstandard conditions, Eºcell = cell potential under 
standard conditions, R = gas constant, T = temperature, n = number of moles of electrons exchanged in the 

electrochemical reaction, F = Faraday’s constant and Q = reaction quotient (equilibrium expression). 

𝐸𝑐𝑒𝑙𝑙 = 𝐸°𝑐𝑒𝑙𝑙 − (
𝑅𝑇

𝑛𝐹
) 𝑙𝑛𝑄 

The shifting of the reduction peaks required stabilising for analysis and thus, the solution 

required a buffer. As a result, Solution 4 was modified to include a buffer: a 50/50 (v/v) 

acetonitrile and a phosphate buffer (pH 7), which was then supplemented with 0.1 M lithium 

perchlorate and 1 mM DMNB.  However, the preparation of this solution was difficult, as DMNB 

was unable to dissolve and therefore there are no results from using Solution 4, as the solution 

was unusable. This could be attributed to the conflicting interactions between the basic nitro 

properties of DMNB, phosphate buffer and lithium perchlorate – the solution is being 

maintained at pH 7 by the phosphate buffer, but the additives are inherently basic and thus 

resisting the change in pH. Further to this, DMNB is almost insoluble in water with an average 

saturation concentration of 0.0012 g mL-1, although, this did not seem to impact the solution 

until the buffer was added, and thus, the change in DMNB solubility must be a result of the 

phosphate buffer. As a result, increasing the proportion of acetonitrile would hopefully increase 

the solubility of DMNB in the mixture, as seen in Solution 2, DMNB is completely miscible in 

acetonitrile, and lessen the effect of water in the solution. This is because the more molecules 

of acetonitrile in the solution, the more surround DMNB and enable it to dissolve in the solution 

and less possibility of water surrounding DMNB. These solutions are miscible and therefore 

in theory, DMNB should have no issue dissolving in acetonitrile and water mix at a higher 

volume ratio. 
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To overcome the immiscibility of the additives, the next solution increased the proportion of 

acetonitrile to phosphate buffer (70/30, v/v) (Solution 5). The resulting solution demonstrated 

greater solubility, however, the solution remained unusable.   

However, Wang achieves the dissolvation of DMNB in a phosphate buffer at 5 μg/mL (64), 

and thus, highlights the issue of equilibrium in this mechanism.  

Furthermore, at these extremely low concentrations, solubility has less of an impact on the 

mechanism. By comparison, a 5 μg mL-1 concentration of DMNB is used by Wang completely 

in a phosphate buffer (64) whereas a 10 mM concentration of DMNB solution was used to 

dilute subsequent solutions, which is equal to around 176,000 μg mL-1 of DMNB in 50/50 (v/v) 

ACN and DW. The concentration used for the dilutions was too high by comparison. The 

solution used to dilute further solutions, outlined in Materials and Methods, Section 1.2, should 

have used somewhere between 100 uM and 10 uM to use the same concentration as Wang, 

as these concentrations give 17.6 and 1.76 μg mL-1 of DMNB. Moreover, a 50 uM solution 

would have a 8.8 μg mL-1 of DMNB, so possibly a concentration between 50 uM and 10 uM of 

DMNB would dissolve in the ACN and DW solution, based on Wang’s experiment. As a result, 

this is why the increase of a 70/30 (v/v) mix (Solution 5) improved the solubility of DMNB, but 

is not completely soluble, at the high concentration of 10 mM. 

It is important to note that Wang’s goal was focused on traces, working to a minimum amount 

of DMNB rather than a maximum – it is possible that a higher concentration of DMNB via the 

same method as Wang would have caused precipitation, as such in this study.  However, it 

still does not address the issue of solubility of DMNB at the levels tested in this study. 

Furthermore, the purpose of water in the working solution is simply as a vehicle for protons 

into the system – the addition of water is not specifically important, but using a phosphate 

buffer acts as a method of adding protons is, as well as maintaining the pH of the solution, as 

a phosphate buffer is water-based. Due to this, it seemed that this would be the best starting 

point rather than another proton-adding solution as a phosphate buffer would address both 

issues previously discussed. 

Tetrabutylammonium perchlorate (TBAP) was introduced in lieu of lithium perchlorate due to 

availability. However, it has a great solubility in acetonitrile (0.1 g mL-1) (130) but is also 

chemically inert and is popular for electrochemistry performed in non-aqueous media, and 

thus should minimise the impact thus far. It also addresses the issue of protons as TBAP 

introduces protons into the system. This is demonstrated by the change in response in Figures 

21A and B compared to Figure 17 which uses Solution 2: the makeup is the same, except 

lithium perchlorate is used in Solution 2 instead of TBAP.  
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As a result, focus of the method was shifted to the use of pure acetonitrile as DMNB has an 

average saturation concentration of 15.10 g mL-1. This makes up the final working solution; 

Solution 6 includes 0.1 M TBAP, pure acetonitrile and 1 mM DMNB.  

In light of previous conclusions, the scope of the dilutions was increased at low concentrations: 

1 mM, 100 uM, 50 uM, 10 uM, 5 uM and 1 uM of DMNB, in order to establish a response using 

TBAP without including a buffer. This set of dilutions of Solution 6 were tested using the 

potentiostat are detailed for both oxidation and reduction potentials for cyclic and differential 

pulse voltammetry (Figures 21 and 22 respectively).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

Figure 21 Comparison of dilutions of Solution 6 when undergoing oxidation via cyclic voltammetry; A) analyses 
oxidation potential, with an upper vertex potential of 1.6 V and a lower vertex potential of 0 V, whereas B) analyses 
reduction potential, using an upper vertex potential of 0 V, and a lower vertex potential of -1.6 V. Cyclic voltammetry 

settings for both were a scan rate of 0.1 V s-1.  

B 
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Figure 22 Comparison of dilutions of Solution 6 when undergoing reduction via differential pulse voltammetry using 
DMNB; A) analyses oxidation potential, with an upper vertex potential of 1.6 V and a lower vertex potential of 0 V, 
whereas B) analyses reduction potential, using an upper vertex potential of 0 V, and a lower vertex potential of -1.6 V. 
These analyses were performed using a scan rate of 0.01 V s-1. 

A 

 

B 
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In order to evaluate this final analysis using Solution 6, several analytical methods were 

performed, such as a calibration curve, precision, error and the number of electrons in the 

system (Table 4). This was performed using Figures 22A and B.  

Table 4 Summary table of current intensity analysis of Figures 22A and B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Current Intensity Analysis Oxidation (Fig. 22A) Reduction (Fig. 22B) 

Average  

1 mM 

100 uM 

50 uM 

10 uM 

5 uM 

1 uM 

(uA) 

0.0026 

0.0023 

0.0027 

0.0048 

0.0087 

0.009 
 

(uA) 

-0.0012 

-0.013 

-0.014 

-0.014 

-0.017 

-0.018 

Standard Deviation 

1 mM 

100 uM 

50 uM 

10 uM 

5 uM 

1 uM 

 
1.87 x 10-4 

6.43 x 10-5 

5.71 x 10-5 

1.55 x 10-4 

1.31 x 10-3 

1.45 x 10-3 

 
6.73 x 10-4 

6.59 x 10-4 

1.73 x 10-4 

6.81 x 10-4 

8.54 x 10-4 

1.57 x 10-3 

Precision 

1 mM 

100 uM 

50 uM 

10 uM 

5 uM 

1 uM 

(%) 

7.13 

2.83 

2.14 

3.21 

15.17 

16.22 

(%) 

-5.67 

-5.24 

-1.24 

-4.94 

-5.32 

-8.78 



58 
 

In order to evaluate the relationship between concentration and current intensity, a regression 

graph was plotted (Figure 23A and B). 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A linear relationship was expected between the average intensity and the concentration of 

DMNB, as the increase in concentration is directly proportional to the intensity of the response, 

in both cases of oxidation and reduction (Figure 23A and B respectively). This is why these 

figures exclude the 1000 uM measurement as this data point obscures the calibration curve 

and thus the R2 value: by removing this value in both graphs, the R2 value doubles, indicating 

a linear relationship. A similar value is given when eliminating However, they show a low R2 

value that indicates a low correlation between average intensity and concentration of DMNB. 

However, in Figure 22 for oxidation especially, the high precision values for 1 mM, 5 uM and 

1 uM which all exceed the 5% recommended value (Table 4). For reduction in Figure 22, more 

Figure 23 Calibration curves using average intensity and concentration of DMNB; (A) Oxidation (based on Figure 
22A) (B) Reduction (based on Figure 22B). All points have error bars, but some points have such low error, it 

cannot be seen behind the points on the graph. Error bars represents 1SD (standard deviation). 

A 

B 
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of the analyses come under or around this threshold compared to oxidation (Table 4). 

Moreover, intermittent concentrations are needed especially between 100 uM and 1000 uM, 

but also between 10 uM and 100 uM, to establish a more accurate calibration curve, as well 

as repetition of the analyses in order to increase the precision values. This was not performed 

due to time constraints at the end of the study. 

It is also possible that this method is not effective when detecting higher concentrations; some 

sort of linear relationship is seen between 1 uM and 10 uM in Figure 23B, which is then 

possibly skewed by the large gaps between concentrations. Like above, intermittent 

concentrations are needed to fully establish the relationship seen. 

The peak potential was also plotted against the average current intensity (Figure 24A and B) 

whereby the analysis is detailed in Table 5. 

Table 5 Table of summary for Figures 22A and B analysing peak potential. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Peak Potential Analysis  Oxidation (Fig. 22A) Reduction (Fig. 22B) 

Average 

1 mM 

100 uM 

50 uM 

10 uM 

5 uM 

1 uM 

(V) 

0.96 

0.92 

0.89 

0.70 

0.70 

0.68 

(V) 

-0.61 

-0.72 

-0.72 

-0.72 

-0.77 

-0.80 

Standard Deviation 

1 mM 

100 uM 

50 uM 

10 uM 

5 uM 

1 uM 

 

0.0025 

0.0360 

0.0068 

0.0142 

0.0159 

0.0155 

 

0.0036 

0.0091 

0.0023 

0.0076 

0.0066 

0.008 

Precision 

1 mM 

100 uM 

50 uM 

10 uM 

5 uM 

1 uM 

(%) 

0.26 

3.93 

0.76 

2.02 

2.28 

2.27 

(%) 

-0.58 

-1.27 

-0.31 

-1.06 

-0.86 

-0.99 
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Compared to Table 4, the precision of the peak potentials is much lower and thus more 

precise. Furthermore, due to the lack of standardisation of these peaks, it is difficult to know 

which peaks correspond to each other, as the lower concentrations begin to introduce new 

peaks (Figures 22A and B) – as a result, this impacts the overall precision of the study as 

there is not definitive conclusion until the peaks are stabilised using a buffer. This impact is 

greater in Figure 22A, demonstrated by the higher standard deviation values for the oxidation 

analysis using DPV (Table 5) than that of the reduction potential analysis (Table 5). A high 

standard deviation value demonstrates a greater spread around the average anodic peak 

potential and thus is less consistent. 

Furthermore, Figures 24A and B show the average peak potentials for each concentration 

against the average current intensity. Both these figures show a plot with an R2 value that is 

greater than that in Figures 23A and B – this demonstrates that there is a greater indication of 

a relationship between these two factors.  
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A 

Figure 24 Calibration curve of average peak potential against average current intensity for Figure 23A and B 
analysis. (A) Oxidation (Figure 23A) and (B) Reduction (Figure 23B). Error bars represent 1SD. Error bars for 
Average Intensity (uA) were determined using the values of Table 5, and those used in Figure 23A and B. 
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In Figure 24A, it is clear that one analyses is an anomaly – from using Tables 4 and 5, this 

can be identified as the 10 uM analysis despite having very low precision values. Furthermore, 

the precision of the peak potential analyses in general in Table 5 are significantly lower than 

those in Table 4, however, the overall precision still does not meet this 5% threshold. As 

previously stated, due to the shifting peaks in Figures 16A and B, addressing this issue would 

increase the precision further as the peaks shift as a response to changes in pH.  

Both sets of error bars in Figures 24A and B are determined by the standard deviation for each 

data point – it demonstrates the spread around the average values that are plotted on the 

graphs.  

Despite the optimisation of the working solution made so far, there is still a slight shift under 

the same principle even with the exclusion of water and a buffer. The working solution is critical 

to facilitating a molecularly imprinted polymer-sensor, as the template (DMNB) is suspended 

in the working solution, and thus relies on the adsorption equilibrium between the MIP and 

solvent (131). As a result, this includes the interactions of the solvent and template with the 

monomer chosen to form the MIP. The method used to determine the optimal monomer for 

the MIP is well established in the literature, using computational calculations which apply 

density functional parameters (67,70,96,105,132–136).  

4.3  MONOMER SELECTION USING COMPUTATIONAL CALCULATIONS 
In order to calculate the binding energies between the selected monomers and DMNB, the 

density functional parameters were set at B3LYP/6-31G* level in a vacuum. The density 

functional theorem uses electron density to make assumptions about the structural and 

electronic properties of a molecule, as electron density determines the properties of the 

molecule’s ground state energy. As a result, determining the electron density, this can 

determine to total energy in the system. This is performed by assessing a set of orbitals that 

are within each molecule, Kohn-Sham orbitals, that contain the electron density of the 

molecule. Furthermore, by applying General Gradient Approximations such as B3LYP, these 

estimate the contribution of each element to the exchange-correlation based on the magnitude 

and gradient of the electron density within the element. The exchange-correlation energy 

determines the energy per electron within the element as well as the number of electrons per 

unit volume of the molecule. This is performed for the monomer, the template and the 

monomer-template initially, at a 1:1 ratio. 

The monomers trialled are detailed in Figure 25, and Equation 3 was used to calculate which 

provided the most stable complex. Table 1 demonstrates that pyrrole was determined to be 

the most suitable monomer selection as it provides the greatest stability due to the greater 

negative combined energy value when calculating the binding energy for the template-
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monomer complex (ΔE) (Equation 3).  This demonstrates a greater interaction between the 

pyrrole monomer and DMNB molecule due to the presence of hydrogen bonding between the 

nitrogen atom of pyrrole and the oxygen atoms of DMNB. Although the other five monomers 

also contain atoms for hydrogen bonding, it is the inclusion of the nitrogen in the delocalised 

cyclopentane ring that makes pyrrole as the most stable out of the monomers depicted in this 

study. Furthermore, the structure of pyrrole can easily facilitate electrophilic substitution 

reactions and is highly reactive. Its reactivity is due to the addition of a nitrogen atom in the 

cyclopentane ring, delocalising the positive charge due to its electronegativity, and thus the 

nitrogen becomes slightly negative and is at risk of substitution.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Equation 3 Equation used to calculate the binding energy of the template-monomer complex, using density 
functional and semi-empirical parameters. 

∆𝐸 = 𝐸(𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒 − 𝑚𝑜𝑛𝑜𝑚𝑒𝑟) − 𝐸 (𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒) −  ∑ 𝐸(𝑚𝑜𝑛𝑜𝑚𝑒𝑟) 

 

 

 

A B C 

D E F 

Figure 25 The structures of the prospective monomers considered in this study. A) pyrrole, B) phenol, C) 
methacrylic acid, D) aniline, E) acrylamide and F) methacrylamide. 
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Table 6 Density functional calculations used to determine the suitability of monomers, DMNB and the DMNB-
monomer complexes. Conditions were B3LYP/6-31G* in a vacuum. Calculations were performed using the Spartan 
programme. 

 

Once a monomer was selected, the ideal ratio of pyrrole to DMNB was to be calculated. If 

there is an excess of monomer, there is an increase in non-specific binding between molecules 

and thus self-aggregation of monomers, lowering the selectivity of the overall molecularly 

imprinted polymer (137) and the availability of binding sites (92). As a result, any 

contamination with molecules featuring similar functional groups may bind to the sites instead 

and give false positive results. Conversely, if the monomer-template ratio is too low, too few 

complementary binding sites are formed for DMNB-pyrrole complexes to bind to and thus will 

lead to a non- imprinted polymer. In order the calculate this, the ratio was optimised using 

semi-empirical calculations and PM3 parameters in a vacuum and calculated ΔE using 

Equation 3. Semi empirical calculations use experimental data about a molecule’s valence 

electrons and thus makes assumptions upon its properties, such as electronic transitions, 

dipole moments and bond-breaking/forming ability. By using PM3 parameters in particular, the 

properties include the heat of formation and ionisation potentials. Table 7 shows the outcome 

of the calculations for the various template-monomer ratios, in which a ratio of 1:6 was 

determined as the optimum.  

Table 7 Semi-empirical calculations used to calculate the preferred pyrrole concentration ratio for the DMNB-
molecularly imprinted polymer under PM3 conditions. Calculations were performed using the Spartan programme. 

DMNB:Pyrrole  E (DMNB+Pyrrole) E (DMNB) E (Pyrrole) ΔE (kJ) 

1:1 -11.898 -112.6805 114.6306 -12.6485 

1:2 112.105 -112.6805 228.1468 1.5605 

1:3 185.397 -112.6805 366.1910 -39.0025 

1:4 290.385 -112.6805 428.1434 -15.2255 

1:5 402.748 -112.6805 542.6676 -10.1055 

1:6 458.923 -112.6805 641.2334 -48.5845 

 

The values presented here are in line with that in the literature that have used computational 

calculations for the same purpose of creating a molecularly-imprinted polymer, and have done 

so successfully; for example, for disulfoton (70) and 2-isopropoxyphenol (105). The optimum 

ratio of DMNB to pyrrole, 1:6, and its arrangement on Spartan is detailed in Figure 26.  

Monomer E (DMNB) + Monomer E (DMNB) E (Monomer) ΔE (kJ) 

Pyrrole -856.2525 -645.9261 -210.1265 -0.2000 

Phenol -953.4314 -645.9261 -307.4643 -0.0410 

Methacrylic Acid -952.4193 -645.9261 -306.4684 -0.0248 

Aniline -933.4996 -645.9261 -287.5995 0.0260 

Acrylamide -893.2854 -645.9261 -247.2937 -0.0656 

Methacrylamide -932.6601 -645.9261 -286.6080 -0.1260 
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Once the molecules are input into Spartan and whilst the calculations are being processed, 

the programme fixes the orientation of the molecules for the optimal arrangement, and 

therefore, their initial placement in the programme does not impact the outcome. The 

orientations determined by Spartan in this process are estimations and are therefore used as 

a screening technique to estimate the impact of the different template to monomer ratios and 

their stability, and thus, which would be best suited to the MIP. 

4.4  NIP POLYMERISATION 
Non-molecularly imprinted polymer (NIP) polymerisation was achieved by modifying the 

method established by Qader, 2019 (70). In principle, the method utilises the same solution 

used for MIP imprinting but excludes the template molecule. Its purpose is to trial the 

conditions for polymerisation alone, prior to molecularly imprinting, and thus gives no result 

when placed in solution containing the molecule. 

Polymerisation was visually confirmed due to the formation of a hard, black deposit on the end 

of the glassy carbon electrode, which can be shown below in Figure 27. 

 

 

 

 

 

 

Figure 27 Comparison of glassy carbon electrode pre-polymerisation (A), and post-polymerisation (B). 

A B 

Figure 26 Optimum arrangement determined by Spartan for 1:6 DMNB to pyrrole ratio. 
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NIP polymerisation was then analysed using the working solution, and the results are shown 

in the below voltammograms (Figures 28 - 31), when comparing these results with the same 

analysis using the glassy carbon electrode. The peak shown in Figures 28B and 29B at around 

0.95 V are absent from Figures 28A and 29A, which use the NIP; this is like the peaks shown 

in Figures 25B and 26B, which are absent in 30A and 31A. The current for both analyses in 

Figure 20 is also different – when analysing the NIP, there is a lower current than that of the 

glassy carbon electrode, at least by a factor of 1000. This is possibly due to the absence of 

electrons flowing through the electrode due to the deposit of the NIP and thus blocks some 

electron flow. This explanation is true for the difference that occurs in each set of analyses 

between NIP analysis and glassy carbon analysis. 
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Figure 28 Comparison of potentiostat analysis after (A) NIP polymerisation and (B) glassy carbon electrode when 
using the working solution (Solution 6, Figure 15) to identify the oxidation potential using cyclic voltammetry. The 

scan rate is 0.1 V s-1, an upper vertex potential of 1.6 V and a lower vertex potential of 0 V. 
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The responses from the NIP analysis in Figures 28A and 29A are possibly due to the 

concentration of DMNB used, as a higher concentration of DMNB molecules means that there 

is a greater influx of electrons flowing through the system. As a result, this gives some positive 

response on the voltammogram, but does not create an identifiable oxidation peak, like that 

of the response of the glassy carbon electrode in the B counterparts. The same applies for the 

reduction potential voltammograms of Figures 30A and 31A below. This therefore shows that 

the NIP has not been imprinted and is not reacting to the inclusion of DMNB – this is the 

Figure 29 Comparison of potentiostat analysis after (A) NIP polymerisation and (B) glassy carbon electrode when 
using the working solution (Solution 6, Figure 15) to identify the reduction potential using cyclic voltammetry. The 

scan rate is 0.1 V s-1, an upper vertex potential of 0 V and a lower vertex potential of -1.6 V. 
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predicted and ideal response from the NIP as it should not be responding to the inclusion of 

DMNB.  
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Figure 30 Comparison of potentiostat analysis after NIP polymerisation (A) and glassy carbon electrode (B) when 
using the working solution (Solution 6, Figure 15) to identify the oxidation potential using differential pulse 
voltammetry. The scan rate is 0.01 V s-1, an upper vertex potential of 1.6 V and a lower vertex potential of 0 V. 
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Furthermore, as the minimum and maximum potentials are -1.6 V and 1.6 V, it is unlikely that 

peaks were missed during the trial, as the potentials received during the analysis are within 

the bounds of those detected by the glassy carbon electrode. This is because the graphite 

within the electrode starts to degrade at voltages higher than this, rendering the glassy carbon 

electrode unusable. Moreover, the identifying peaks were expected to appear before this point 

on the voltammogram, and therefore, using the full range of the graphite electrode capability 

(-1.8 V and 1.8 V) was not necessary. From the literature, the reduction peak was determined 

at -0.9 V (64) and from this study, the peaks were expected at around 0.95 V for the oxidation 

Figure 31 Comparison of potentiostat analysis after (A) NIP polymerisation and (B) glassy carbon electrode when 
using the working solution (Solution 6, Figure 15) to identify the reduction potential using differential pulse 
voltammetry.The scan rate is 0.01 V s-1, an upper vertex potential of 0 V and a lower vertex potential of -1.6 V. 
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potential (Figures 28B and 29B) and around -0.6 V for the reduction potential (Figure 30B and 

31B). As a result, it was not necessary to use the full-scale oxidation and reduction windows 

and therefore using these parameters for the potential applied were deemed the most suitable.  

4.4.1 RAMAN SPECTROSCOPY ANALYSIS 
Raman analysis was used as a complementary technique to the potentiostat analysis, to 

confirm the absence of DMNB after NIP polymerisation, as this technique will be used to 

confirm the presence of DMNB in the MIP created. Figure 32 shows the spectrum from a 

DMNB crystal, whereas Figure 33 shows the spectrum from the glassy carbon electrode once 

polymerised with the NIP.  

 

 

 

 

 

 

 

 

 

Figure 32 Raman analysis performed on a DMNB solid crystal, using a green laser (530 nm) on the following 
settings: 10% filter, 400 μM hole diameter, 100 μM slit diameter, and an total acquisition time of 20 seconds and 5 
cycles. 
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The peaks shown around 1300 cm-1 region, specifically 1340 cm-1 in Figure 32 most likely 

correspond to the nitro groups in DMNB, which are placed in the literature around this region 

(138). In this figure, there is also a small number of weak peaks identified around 3500 cm-1, 

which would correspond to the alcohol groups in DMNB – however, the intensity of the spectra 

is low.   
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Figure 34 Raman analysis performed on the glassy carbon electrode once polymerised, using a green laser 
(530 nm) on the same settings as Figure 33. 
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Figure 33 Raman analysis on the clean glassy carbon electrode; using a green laser (530 nm) on the following 
settings: 100% filter, 400 μM hole diameter, 100 μM slit diameter, and an total acquisition time of 10 seconds and 2 

cycles.  
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Although glassy carbon electrodes are deemed similar to graphite, it is speculated that they 

have a fullerene structure (139) rather than aromatic and thus does not have any peaks in the 

aromatic region like that of Figure 32. Aromatic carbons appear around 1000 - 1600 cm-1 and 

give strong-medium peaks (138) and thus would match with the spectrum seen in Figure 34, 

and thus corresponds to the presence of pyrrole. The production of the black deposit (Figure 

27B), and the presence of the aromatic carbons both concur that non-imprinted polymerisation 

was achieved, despite a poor spectrum in Figure 34. 

4.5 MIP POLYMERISATION 

The same process as NIP polymerisation (Section 4.4) was followed when imprinting the 

polymer with DMNB. The voltammograms produced during the steps are detailed below in 

Figures 35 – 37 and the settings for analysis can be found in Section 3.5, Materials and 

Methods. 

 

 

 

 

 

 

 

 

 

 

 

Figure 35 Voltammogram of the polymerisation step of the whole MIP process.  
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Then the electrode with the deposited MIP is placed in the working solution and analysed, 

producing the following voltammogram (Figure 38). 

Figure 36 Voltammogram of the conditioning step of the whole MIP process. 

Figure 37 Voltammogram of the template removal step of the whole MIP process. 
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The production of the black deposit on the electrode indicated polymerisation, as such when 

producing the NIP (Figure 27B); from Figure 38, it seems that the current method did not 

imprint the polymer. However, there is a small peak at around 1.2 V, although this is not well 

defined and thus not enough for confirmation that the MIP is functional for its purpose. As a 

result, Raman spectroscopy was used as a confirmation technique. 

 

 

 

 

 

 

 

 

 

 

Figure 38 Voltammogram detailing the response from the MIP, performed on cyclic voltammetry settings and 
maximum potential of 1.6 V. The scan rate was 0.1 V s-1 and a scan cycle of 6. The analysis was performed in 
the working solution, containing 1 mM of DMNB. 
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4.5.1 RAMAN SPECTROSCOPY ANALYSIS 
When further analysed, it was confirmed that the polymer created was not imprinted. The 

same method was used to confirm the absence of DMNB for the NIP, as with the MIP; by 

analysing with Raman spectroscopy and using the working solution and identifying any 

response on the voltammogram. There are some identifiable peaks for the presence of pyrrole 

and DMNB. 

 

 

 

 

 

 

 

 

 

Figure 39 was produced using the same settings as Figure 32 and 33.  

To identify the problem, polymerisation was repeated except for the template removal step – 

at this point, the electrode was removed from the system and analysed using Raman 

spectroscopy. There is some response that detects the presence of the nitro group (NO2) in 

Figure 40, however, this is not corresponding with potentiostat analysis. 
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Figure 39 Raman spectroscopy analysis of the MIP. A green laser was used (530 nm) and its parameters were a 
filter of 10%, 400 μM hole diameter, 100 μM slit diameter and total acquisition time of 20 seconds and 5 cycles. 
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There are several possibilities as to why this method did not produce a suitable molecularly 

imprinted polymer. Firstly, the initial concentration is too low and therefore, there have not 

formed enough gaps within the polymer, or not enough DMNB was being extracted from the 

gaps from a potentiostat response, or the template removal method is destroying the gaps, or 

finally, the holes are not specific to the interactions between DMNB and pyrrole. Each of these 

possibilities were investigated in order to increase the small response seen so far from the 

voltammograms and Raman spectroscopy analysis.  
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Figure 40 Raman spectroscopy analysis prior to the template removal step of polymerisation. This was performed 
using a green laser (530 nm) and under the following parameters: filter 10%, 400 μM hole diameter, 100 μM slit 
diameter, and a total acquisition time of 10 seconds and 5 cycles. 
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4.5.2 FURTHER MIP POLYMERISATION 
In order to rectify that not enough holes were created by the original method, the concentration 

of DMNB in the polymerisation solution was increased, thus increasing the ratio so the 

concentration ratio of DMNB:pyrrole was 1:3 rather than 1:6 – this is shown in Figure 41. 

 

 

 

 

 

 

 

 

 

Figure 41 is almost a direct copy of Figure 38; there is a small peak still visible around 1.2 V, 

however, the increase in concentration does not seem to have had an impact on the response 

of DMNB when using the MIP. Furthermore, a 1:1 template:monomer ratio was measured; 

this was performed to in order to evaluate the impact of such a strong concentration. 

 

 

  

Figure 41 Voltammogram detailing the response from the MIP, performed on cyclic voltammetry settings and 
maximum potential of 1.6 V, using a template:monomer ratio of 1:3. The scan rate was 0.1 V s-1 and a scan cycle 
of 6. The analysis was performed in the working solution, containing 1 mM of DMNB. 
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In Figure 42, the working electrode current increases in comparison to Figures 38 and 41, 

which is expected from the increase in concentration. However, in this figure, there is an 

absence of the previous small peak identified in the other two figures. Therefore, the possibility 

that the template:monomer ratio was not limiting the analysis and was thus ruled out. 

As a result, the second investigation was into immersing the electrode in the working solution. 

This is because it is possible that some time is required for DMNB to be taken up by the MIP 

prior to any application of voltage from the potentiostat. The electrode was immersed into the 

working solution for a period of 1 minute, 2 minutes, 5 minutes and 10 minutes each before 

applying voltage from the potentiostat for analysis, and after this, was analysed on the same 

settings as that produced in Figures 38, 41 and 42. The response from each of these timing 

adjustments are shown in Figure 43.  

 

 

 

 

 

 

 

Figure 42 Voltammogram detailing the response from the MIP, performed on cyclic voltammetry settings and 
maximum potential of 1.6 V, using a template:monomer ratio of 1:1. The scan rate was 0.1 V s-1 and a scan cycle 
of 6. The analysis was performed in the working solution, containing 1 mM of DMNB. 
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There are some small peaks that can be identified in Figure 38 around 1.2 V, the small 

potential as previous analyses, in particular, when analysed after an immersion of 1 and 2 

minutes. The longer time intervals, 5 and 10 minutes, appear to reduce the response seen on 

the voltammogram as the current is slightly lower in these analyses. Despite this having some 

impact, the response of 1 minute and 2 minute immersions seem to have a similar current 

response as the analyses in Figure 33 and 36. As a result, it was concluded that this had little 

impact on improving the MIP response.  

Secondly, the timings were modified regarding the template removal solution; the polymerised 

glassy carbon electrode was placed in the template removal solution for a period of 1 minute 

and 10 minutes before potentiostat analysis. The purpose of this was so that the template 

removal solution had time to infiltrate the gaps and remove the template prior to voltage being 

passed through the system and thus, prior to any stress on the system.  

 

 

 

 

 

Figure 43 Voltammograms of the potentiostat response when the electrode was immersed in the working 
solution for 1, 2, 5 and 10 minutes, characterised by cyclic voltammetry. This was measured using a minimum 
and maximum voltage of 0.0 and 1.6 respectively, a scan rate of 0.1 V s-1 and a scan cycle of 6. This was used 

to analyse oxidation. 
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The third possibility was the template removal method itself, which was potentially destroying 

the gaps created during polymerisation, and therefore, a small amount of DMNB was being 

trapped. As previously stated, the method in this study was taken from that of Bakhtiyar, 2017 

which was a chemical-based removal (70). This type of template removal varies throughout 

the literature and is dependent on the template molecule itself.  

Figure 44 Voltammograms of potentiostat response when the MIP was immersed in the template removal 
solution for 10 minutes (A) and 1 minute (B) – these voltammograms were produced using the same settings 
as Figure 42. 
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In order to measure the number of electrons that are in the system, the response was 

measured using different scan rates; those tested were 0.5 V s-1, 0.1 V s-1, 0.05 V s-1, 0.01 V 

s-1, 0.005 V s-1 and 0.001 V s-1 using cyclic voltammetry (Figures 45A and B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.005 V and 0.001 V are not listed in Figure 45 as they did not produce a measurable 

response.  

 

Figure 45 Voltammograms of potentiostat response when changing the scan rates. (A) oxidation potential, 
and (B) reduction potential; the vertex potential was the same as Figure 24 for A and B respectively. 
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Firstly, the log(peak current) for these analyses is plotted against log(scan rate) – this is shown 

in Figure 41.  

 

 

 

 

 

 

 

 

 

The slope of the plot determines whether the oxidation is diffusion controlled – the theoretical 

value for the diffusion coefficient (α) is 0.5 (140) and a value of 1.0 demonstrates an adsorption 

controlled system (141). The slope of the plot in Figure 46 does not have a value close to 

either of these theoretical values. Its value is closest to 1.0 out of the other R2 values that have 

been documented, but analytical measures determine that a value of 0.99 demonstrates a 

strong linear relationship - this seems to demonstrate some relationship between the log of 

the scan rate and the log of the peak current. In the literature, this response can attributed to 

multistep electrode processes with one rate determining step, but the following steps have no 

impact. As a result, the number of electrons can be calculated separately, such as the charge 

involved in the complete electroreduction of the adsorbed reactant (142). 

One method of calculating the number of electrons is shown in Equation 4: 

Equation 4 Equation used to calculate number of electrons within a system, where Ep = peak potential, Ep/2 = 
half peak potential, α = diffusion coefficient and n is the number of electrons 

𝐸𝑝 − 𝐸𝑝/2 =  
48

∝ 𝑛
 

Using this method, the calculations give values of 0.195, 0.447, 0.492 and 0.48 electrons 

respectively. This was compared with another method of calculating the number of electrons; 

is plotting the cathodic peak potential against the log(scan rate) (Figure 47), and the slope of 

the trendline is equal to Equation 5.  

 

Figure 46 Plot of log of the peak current (Ip) on the y axis against the log of the scan rate (v) on 
the x axis for the reduction potential using cyclic voltammetry when analysing the MIP. 
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Equation 5 Equation used to calculate the number of electrons in a diffusion-less system using a cathodic peak 
potential vs log (scan rate) plot. 

𝑠𝑙𝑜𝑝𝑒 = −
𝑅𝑇

∝ 𝑛𝑎𝐹
 

 

 

 

 

 

 

 

 

 

Using the slope of the line in Figure 47, -0.0273 and Equation 5, the number of electrons 

calculated in the reduction of the MIP are 1.88 (~2) electrons (70). This is consistent with the 

above analysis described from Figure 46 as well as Figures 18A and B, as the latter figures 

demonstrate that 2 electrons are involved in the electroreduction of DMNB. However, due to 

the low R2 value of the slope in Figure 47, it demonstrates that there is little relationship 

between the log of the scan rate and peak potential.  

The more reliable calculation of the number of electrons is Equation 5, which corresponds to 

Figure 18 as the reduction process of DMNB is a bi-electronic process involving 2 electrons 

to reduce the nitro functional groups. 

The same response from the MIP is not executed in the same way as previous analyses, such 

as that in Figures 22A and 22B – especially in Figure 22A that analyses the oxidation potential 

and the same peaks do not appear in the above voltammograms. The low values calculated 

using Equation 3 in both instances is possibly due to the design of the MIP and its interactions 

and adjusting this may improve the number of electrons in the system.  

The level of conductivity when analysing using the MIP does not seem to be an issue – when 

comparing Figures 38, 41 – 43 to Figure 9 and 19, they have similar, if not greater, working 

electrode current values, and the latter is using a glassy carbon electrode. In this case, Figure 

9 achieves well defined peaks at a similar current value.  

Figure 47 Plot of the peak potential on the y axis against the log of the scan rate (V) on 
the x axis for the reduction potential using cyclic voltammetry. 
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In each analysis of the MIP, a 1 mM DMNB solution is used – this is a relatively high 

concentration, and this is not being detected by the MIP. As a result, the issue lies with the 

creation of the MIP.  

One possibility is that the interactions between DMNB and pyrrole are not specific enough to 

form gaps and therefore, do not capture DMNB. There is also an issue that not enough gaps 

are being formed. It is possible that there is a fleeting interaction with pyrrole on the electrode’s 

surface due to this - DMNB is a relatively small molecule with a relatively simple structure, and 

thus does not create enough interactions with pyrrole. One way of overcoming these issues is 

to derivatise DMNB. 

4.6 DERIVATISATION 
The last modification to the method would be the derivatisation of DMNB using common 

derivatisation agents such as MTBSTFA and BSTFA prior to the creation of the molecularly 

imprinted polymer. Derivatisation is a popular method for analysis as it increases the molecular 

mass and stabilises volatile molecules by adding nominations of tetramethylsilane (TMS) 

groups to the molecule, making the interactions and spectra achieved more unique due to the 

addition of silicon groups. This additional step poses a great advantage for the detection of a 

small molecule like DMNB by adding significant mass whilst not compromising its inertness. 

There were inherent problems trying to build a sensor for DMNB due to its small size and its 

structure. Small, linear molecules lack the stability and number of interactions that is created 

by the overlap of orbitals, and therefore, are poor candidates for MIPs – their interactions are 

not specific enough to create a working method. The importance of these two factors is 

demonstrated when comparing DMNB to other template molecules that have produced 

successful MIPs to determine their presence. 

For example, DMNB has a molecular mass of 176.17 gmol-1 compared to 274.40 (disulfoton, 

(70)), 222.24 (TATP (106)) , 296.155 (HMX) and 222.117 (RDX) (60,61). However, 1,3-DNB, 

has a similar molecular mass to DMNB of 168.11 gmol-1 but has a successful molecularly 

imprinted polymer to detect its presence (108). This is possibly due to the benzene ring 

centrally contained within the 1,3-DNB structure, whereas DMNB has a comparably linear 

structure (Figure 48) – the benzene ring has a high electron density which pulls the 

surrounding bonds closer to its core, and electrons are shared within a pi system in the centre 

of the delocalised ring. Each carbon atom contains two electrons in p orbitals, which overlap 

to form pi bonds. The orbitals become further sp2 hybridised, forming the delocalised structure 

of benzene, whereby all six carbon atoms share the twelve delocalised electrons within the p 

orbitals as they are hybridised. This makes benzene incredibly stable as a structure as this 

means that the linear structure of DMNB is far less kinetically stable than 1-,3-DNB due to this 



85 
 

delocalised electron ring, and thus, this is the factor that adds to the success of the molecularly 

imprinted polymer. 

 

  

 

 

 

 

 

 

Although it is the nitro groups in each of the molecules that have the greatest interactions with 

the monomer and are electron dense, the benzene ring in 1,3-DNB provides a greater stability 

than that of the linear carbon chain in DMNB due to the absence of a delocalised ring.  

Another reason for its success is possibly due to the use of the cross-linker, ethylene glycol 

dimethacrylate (EGDMA) and initiator azobisisobutyronitrile (AIBN). This combination is also 

used for a molecularly imprinted polymer for sanshool acid amide analogues, which vary from 

247.38, 247.38 and 273.4 gmol-1 respectively for α, β and ɣ forms (143). Azobisisobutyronitrile 

is used to initiate polymerisation in methacrylates, acrylics, acrylamides, vinyl chloride and 

other vinyl-based compounds and styrenes (144) by decomposing and losing a molecule of 

nitrogen to form two 2-cyanoprop-2-yl radicals which induces free radical polymerisation of 

the monomers. The second carbon (-CH) adjacent to the carbon-carbon double bond 

becomes radicalised, breaking the double bond with the CH2 group. It is this position that 

creates the carbon backbone of the polymer as it creates a bond with the -CH2 of the next 

acrylamide monomer. The literature also uses EGDMA, which is used in molecularly imprinted 

polymers in order to create more specific interactions with the template-monomer complex 

and thus, creating a more selective device. 

However, as seen in Table 8, pyrrole is the favoured monomer according to the density 

functional calculations and AIBN is not used for polymerisation of pyrrole – it is more 

commonly used for methacrylic acid, styrene and 2-vinylpyridine monomers 

(94,99,133,134,143,145). 

As a result, derivatisation proved a possible option for DMNB as it can be easily facilitated due 

to the presence of alcohol groups (Figure 48A). Using a derivatising agent will only further 

A 
B 

Figure 48 Structures of A) DMNB compared to B) 1,3-DNB. 
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stabilise the MIP that would be formed as its main use in analytical chemistry is to stabilise 

the molecule thermally and chemically. As an inert molecule already, this will not impact the 

properties of DMNB, but will provide the molecular weight that has proved a consistent factor 

in creating successful molecularly imprinted polymers, as well as the interactions. Two popular 

derivatisation agents were chosen – BSTFA and MTBSTFA. Once derivatised with BSTFA, 

the molecular weight of DMNB increased to 322.40 g mol-1, and similarly with MTBSTFA to 

382.44 g mol-1 – structures B and A respectively in Figure 49. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.7 COMPUTATIONAL CALCULATIONS 
The process for this was the same as DMNB without derivatisation – the monomer was chosen 

by using computational density functional calculations and then semi-empirical calculations to 

determine the ratio of derivatised-DMNB (d-DMNB) to monomer. The monomers used in the 

calculations were the same selection that were used previously in Section 4.3.  

From using the density functional theory, when derivatising DMNB using both MTBSTFA 

(Table 8) and BSTFA (Table 9), pyrrole was determined as the most suitable monomer for 

polymerisation. 

A 

B 

Figure 49 Structures of DMNB when derivatised with A) MTBSTFA and B) BSTFA – drawn using 

ChemSketch. 
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Table 8 Density functional calculations using a selection of monomers, MTBSTA derivatised DMNB and the 
derivatised DMNB-monomer complexes. Conditions were B3LYP/6-31G* in a vacuum. 

 

 Table 9 Density functional calculations using a selection of monomers, BSTFA-derivatised DMNB as the template 
and monomer-template complexes. Conditions were B3LYP/6-31G* in a vacuum - the same settings as Table 3. 

 

The popularity of pyrrole’s use in this study reflects that of the wider literature, which states 

that its use is due to its “environmental stability, high conductivity, good redox properties and 

facility of synthesis” (146). Out of the monomers tested, pyrrole has provided the greatest 

stability for both derivatised and non-derivatised forms of DMNB. This is possibly due to the 

structure of pyrrole as the aromatic ring creates an electron dense environment which gives 

great difficulty when trying to break this ring. The nitrogen atom has three delocalised electrons 

each filling half a p orbital each – its electron configuration is 1s22s22p3, which corresponding 

2px
1, 2py

1 and 2pz
1 are arranged. Two of these electrons can form four pi bonds with the 

adjacent carbon atoms, as both carbon atoms also have electrons residing in half-filled p 

orbitals, with the electron configuration 1s22s22p2, in which 2px and 2py are half filled. The 

formation of pi bonds is induced by the overlap of p orbitals between the nitrogen atom and 

each carbon. Each atom’s orbitals are sp2 hybridised and the overlap of orbitals form sigma 

bonds. 

The third unpaired electron from the nitrogen atom becomes delocalised within the 

cyclopentane ring, in which its charge is displaced, and the negative charge shared between 

the carbon atoms. This forms an annulene-type sharing of 6 pi electrons between the carbon 

atoms. In turn, the nitrogen atom gains a slight positive charge and creates a dipole moment 

across the ring, and as a result, gives pyrrole its characteristic high reactivity when undergoing 

Monomer E (DMNB (M)) + Monomer E (DMNB(M)) E (Monomer) ΔE (kJ) 

Pyrrole -1910.7176 -1700.4783 -210.1265 -0.1128 

Phenol -2007.9629 -1700.4783 -307.4643 -0.0203 

Methacrylic Acid -2006.9749 -1700.4783 -306.4684 -0.0282 

Aniline -1958.0515 -1700.4783 -287.5995 30.0263 

Acrylamide -1947.7881 -1700.4783 -247.2937 -0.0161 

Methacrylamide -1987.0951 -1700.4783 -286.6080 -0.0088 

Monomer E (DMNB (B)) + Monomer E (DMNB(B)) E (Monomer) ΔE (kJ) 

Pyrrole -1674.8395 -1494.6899 -210.1265 29.9769 

Phenol -1772.1550 -1494.6899 -307.4643 29.9992 

Methacrylic Acid -1771.1591 -1494.6899 -306.4684 29.9992 

Aniline -1752.2914 -1494.6899 -287.5995 29.9980 

Acrylamide -1711.9801 -1494.6899 -247.2937 30.0034 

Methacrylamide -1751.3060 -1494.6899 -286.6080 29.9919 
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substitution reactions. Pyrrole is extremely stable as the nitrogen atom is the region of attack 

for outside species, and for this to be broken and to remove the nitrogen atom would result in 

loss of the aromatic structure, which requires a large amount of energy to remove the electron 

from the delocalised ring.  

The linear structures of methacrylic acid, acrylamide and methacrylamide are inherently less 

stable and can easily be attacked by other species in addition reactions, due to the absence 

of a delocalised ring of electrons, and thus lack orbital overlap or close proximity between 

atomic orbitals. As a result, the structure lends itself to being more open to addition reactions 

as it is easier for species to attack the molecule.  

Derivatised DMNB has produced different results compared to DMNB alone, as the best 

template:monomer ratio for derivatised using both derivatisation agents is 1:3 (Table 10 and 

11), compared to 1:6 that was calculated prior to derivatisation. By derivatising DMNB, it 

increases the length of the molecule as well as creating a more branched structure and 

therefore, decreases the number of monomers that can closely interact around the molecule. 

As a result, three pyrrole monomers are the optimal number that can fit around derivatised 

DMNB whilst keeping the most stable complex – whether it is derivatised with BSTFA or 

MTBSTFA. 

Table 10 Semi-empirical calculations performed in order to determine which ratio gives the highest binding 
energy when using DMNB derivatised with MTBSTFA. The parameter used was PM3. 

 

Table 11 Semi-empirical calculations performed in order to determine which ratio gives the highest binding 
energy when using DMNB derivatised with BSTFA. The parameter used was PM3. 

 

Template:Monomer  E (DMNB (M)) + Monomer E (DMNB(M)) E (Monomer) ΔE (kJ)  
1:1 -779.2324 -782.3421 114.6306 -111.5209 

1:2 -656.9708 -782.3421 228.1468 -102.7755 

1:3 -575.7149 -782.3421 366.1910 -159.5638 

1:4 -489.5934 -782.3421 428.1434 -135.3947 

1:5 -355.9280 -782.3421 542.6676 -116.2535 

1:6 -281.9068 -782.3421 641.2334 -140.7981 

Template:Monomer E (DMNB (B)) + Monomer E (DMNB(B)) E (Monomer) ΔE (kJ) 

1:1 -657.5388 -771.4014 114.6306 -0.7680 

1:2 -523.1835 -771.4014 228.1468 20.0712 

1:3 -408.2667 -771.4014 366.1910 -3.0562 

1:4 -286.6787 -771.4014 428.1434 56.5793 

1:5 -208.0706 -771.4014 542.6676 20.6632 

1:6 -99.4030 -771.4014 641.2334 30.7650 
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Furthermore, each derivatisation using BSTFA provides a more positive template-monomer 

complex energy (ΔE) (Table 11) value than MTBSTFA (Table 10) - this demonstrates that 

MTBSTFA creates a more stable complex and thus, is the better option for the MIP. MTBSTFA 

creates a more stable complex due to its size and structure; through derivatisation, BSTFA 

adds a TMS group onto the oxygen atom, whereas MTBSTFA adds a t-BDMS (tert-

butyldimethylsilyl) group. The additional atoms surrounding the silicon atom in t-BDMS protect 

the silicon atom from attacking species – this is not the case with TMS. As a result, derivatising 

DMNB with MTBSTFA at a 1:3 ratio with pyrrole was the most stable complex, giving a ΔE of 

-159.5638 kJ (Table 10).  
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5 CONCLUSIONS 

5.1 3D PRINTING  

• Out of the modifications tested, the conductive polymer from ProtoPasta seems to 

provide the best response 

• For this analysis, a rod-like structure seems the best shape over the grid structure 

• Acetonitrile dissolves the conductive PLA polymer, and therefore, the polymer needs 

to be covered to prevent this via electroplating or a conductive spray. This is the case 

for both PLA and ABS polymers. 

• Using the conductive sprays to prevent this does not give a potentiostat response 

• The use of this polymer is more appropriate for aqueous solutions due to the polymer 

dissolving in acetonitrile 

5.2 GLASSY CARBON ELECTRODE ANALYSIS 

• The resulting working solution was 0.1 M TBAP, 1 mM DMNB and acetonitrile (Solution 

6, Figure 15, but the analyses created peak shift due to the absence of a buffer to 

maintain the pH 

• The R2 value for concentration vs average current intensity is 0.687 and 0.6137 

respectively for oxidation and reduction, excluding the 1000 uM (1 mM) measurement 

– removing this value improves the R2 value, but is not close to 0.99 and therefore 

lacks demonstrating a linear relationship 

• The R2 value for average peak potential vs average current intensity is 0.7784 and 

0.7395 respectively for oxidation and reduction – again, this is not close to the value 

of 0.99 and therefore does not demonstrate a linear relationship 

• Precision for peak potential would improve with the addition of a buffer to stabilise the 

pH and thus the peak potential 

5.3 COMPUTATIONAL CALCULATIONS 

• Pyrrole was determined as the most stable monomer out of the 6 selected in this study 

• A 1:6 DMNB:pyrrole ratio was determined to give the most stable complexes 

5.4 NIP POLYMERISATION 

• Polymerisation was achieved – assumed by a noticeable deposit on the glassy carbon 

electrode  

• Further confirmed by testing using Solution 6, which gave no identifiable peaks 

• Also confirmed by Raman spectroscopy due to the absence of nitro groups (expected 

for the DMNB) and presence of C-C aromatic and amine groups 
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5.5 MIP POLYMERISATION 

• Polymerisation was achieved using the 1:6 DMNB:pyrrole ratio 

• Once tested on the potentiostat using Solution 6, the MIP gave little response 

• This was further confirmed by Raman spectroscopy, which showed the presence of 

nitro groups 

• Through experimentation, the trapping of DMNB in the MIP was identified as the 

source of limitations and possibly not enough gaps were being formed. However, the 

concentration of DMNB was already high so this was not an option. 

• Derivatisation was determined as a viable option 

• The reduction process was deemed as diffusion-less via the slope of the log(peak 

current) to log(scan rate) plots – the slope is -0.0979  

• The R2 value for this plot is 0.914, which is better than the other calibration curves in 

the study, but is still not at the appropriate value, which is 0.99, however, some sort of 

relationship is displayed 

• The number of electrons for the reduction potentials were calculated as 0.195, 0.447, 

0.492 and 0.48 respectively for each scan rate, compared to 2 using the slope of peak 

potential vs log(scan rate) 

• The plot of peak potential vs log(scan rate) has an R2 value of 0.5497 – this is a poor 

result for the relationship between these two factors, showing a lack of linear 

relationship 

5.6 DERIVATISATION 

• As DMNB is a relatively small, linear molecule, creating an MIP would be a risk – this 

was already determined prior to starting the study due to comments about DMNB in 

the literature 

• Derivatisation would provide more complex interactions with the monomer and thus 

the interactions would be more specific to derivatised-DMNB 

• Two popular derivatisation agents, BSTFA and MTBSTFA, were piloted as they are 

popular derivatisation agents within the literature 

5.7 COMPUTATIONAL CALCULATIONS FOR DERIVATISED DMNB 

• MTBSTFA gave more stable complexes with the selection of monomers than BSTFA 

• The complexes formed with MTBSTFA are more stable than those created with DMNB 

on its own according to the computational calculations 

• Pyrrole was determined as the most suitable monomer out of the 6 selected 

• A 1:6 DMNB-MTBSTFA:Pyrrole ratio was determined as the optimal ratio when using 

derivatisation as a future option 
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The aim of this study was to develop a functioning 3D molecularly imprinted electrochemical 

sensor for the detection of DMNB. This was not achieved due to the nature of DMNB and its 

solubility in solvents as the 3D printed filament that is favoured in Section 4.1 starts to 

disintegrate when placed in acetonitrile, and the use of conductive sprays as a coating affected 

the signal. This method would be more suited to aqueous solutions for forensic applications 

such as the detection of water-soluble substances like illicit drugs. This type of molecule would 

be compatible with both the polymerisation and the use of the 3D-printed electrode, for 

example, using the meth Polymerisation in water to form an MIP has been documented in the 

literature, particularly for the detection of pesticides and insecticides (145,147,148) which are 

known explosive materials, such as 2-isopropoxyphenol (105). It also means that this method 

can be applied to Wang’s method involving DMNB (64), as this is achieved in a phosphate 

buffer. There are a variety of chemically diverse monomers that are used for water 

polymerisation, for instance; pyrrole (148), styrene (145), acrylamide (147), 4-vinylpyridine 

(149) and methacrylic acid (150). Several examples reported the use of crosslinking agents, 

such as divinyl benzene (145), EGDMA (147,149,150), to increase binding specificity, as well 

as AIBN as an initiator (147,149,150). Some use a combination of polar solvents and water 

(methanol (145,149); ethanol(148,150))  to facilitate the dissolution of molecules with low 

water solubility, such as styrene (6). Styrene will readily dissolve in methanol, whilst water and 

methanol are miscible (151). Using a molecule that is soluble in water means that a buffer can 

be used to stabilise the response from the potentiostat as the pH is maintained. 

On the other hand, an MIP was created somewhat successfully using the glassy carbon 

electrode, however, improvements are required for this to transition into a functioning method 

for laboratory or industry implementation - the peaks are not well defined when using the MIP 

like those in the literature. The working solution also needs improvement to stabilise the peaks 

and prevent peak shift as DMNB is not very soluble in water, and thus is not compatible with 

the phosphate buffer. However, as previously mentioned, this study is based on that of Joseph 

Wang, who succeeds in dissolving DMNB in a phosphate buffer (64) without the addition of 

acetonitrile – Wang uses a much lower concentration in their study (Section 4.2, Glassy 

Carbon Electrode Analysis, Results and Discussion). This is possibly what allows DMNB to 

dissolve and accounts for the success of their study; furthermore, they also use SWV, which 

is much more sensitive than CV used in MIP analysis. 
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6 FURTHER WORK 

This study was heavily affected by the COVID-19 pandemic and thus further work is directed 

with this in mind, completing the work outlined in Figure 1. 

Firstly, DPV analysis would be performed on as subsequent analysis to MIP analysis, such as 

Figure 39 and 40 as DPV is more sensitive than CV and therefore, it is likely that signals 

similar to that of Wang would have been achieved. This comparison between CV and DPV 

can be seen throughout the text, especially in Figures 24A and B, where the peaks are more 

identifiable in DPV. In Figures 39 and 40, small peaks are identified at around 1V, however, 

they have a weak signal using CV. Wang uses SWV, which is also highly sensitive. This 

analysis was not performed due to the time constraints brought about by the COVID-19 

pandemic, and thus would be the ideal starting point when continuing this study. 

Following this, there are two avenues for the continuation of this study in order to address the 

identified limitations. Firstly, due to the problem of solubility, finding a solvent that DMNB is 

more soluble in and is miscible in water would be the next natural step. According to Krzymien, 

1993, DMNB has the highest solubility in DMF at 35 ºC at 27.67 g mL-1 – this solubility is the 

highest amongst the solvents in the study, including acetonitrile, which is 22.70 g mL-1. Further 

to this, the same study documents that DMNB has the solubility of 0.0016 g mL-1 in water at 

the same temperature, which is the lowest at this temperature amongst the solvents included 

(152). Importantly, DMF is miscible with water (151), and so this increased solubility of DMNB 

may lead to the success of this method, by also using a greater proportion of DMF to water 

than the previously 70/30 v/v acetonitrile to water mix. Furthermore, the solubility of DMNB in 

DMF is higher than its solubility in acetonitrile at each temperature tested in the study, and 

thus further confirms that this should be more successful than that outlined in this study. The 

addition of water in the method enables the use of a phosphate buffer in order to maintain the 

pH of the solution during potentiostat analysis, and therefore, stabilise its response on the 

voltammogram – preventing the peaks from shifting. The pH changes depending on the 

concentration of DMNB in the water, and thus shifts the peaks, and no presence of DMNB 

could be confirmed as it does not have one identifying peak at a specific voltage. Moreover, 

DMF is a popular silylation solvent (153), and therefore, the use of DMF has several 

advantages over the current method using acetonitrile. However, DMF is incompatible with 

electrochemical methods and causes a large amount of background interference which would 

disrupt the analyses, as DMF is electroactive (154).  

Furthermore, DMF only addresses the issue of solubility. As concluded previously, MIP 

polymerisation was achieved, but not enough for implementation. This is why derivatisation 

was introduced into the study, and thus, further work on this study would start with practical 
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experimentation of Section 4.6, Derivatisation, Results and Discussion, as at this point, the 

focus was a theoretical study. This was due to restrictions on experimentation as a result of 

the imminent COVID lockdown. More specifically, it would start with derivatisation with 

MTBSTFA. The small, linear structure of DMNB lacks the complexity of interactions and thus, 

the specificity of them – as previously mentioned, 1,3-DNT is a similar molecular weight, 

however, due to the benzene ring, it establishes the complex interactions required for a 

successful MIP. Using MTBSTFA as the derivatisation agent will achieve both these 

characteristics, as well as lowering the polarity of the overall molecule and thus increases the 

solubility in solution. This will further overcome the solubility issues that have been discussed, 

that are a key element in glassy carbon electrode analysis alone; thus, the addition of a 

derivatisation agent will have the same objective as using DMF with respect to shifting peak 

potential. Once this is achieved, the oxidation and reduction peak potential can be identified, 

the limit of detection and quantification can also be measured. 

The penultimate step would be to field test the electrode by setting up a controlled explosion, 

including explosive compounds such as RDX, due to the common use of DMNB and RDX 

together in C4 explosives (4). This would analyse the electrode’s response to contaminants 

and its ability to distinguish between the two molecules, which is imperative in forensic 

analysis. However, this step can only be introduced once the success of the working solution 

pH maintained with a buffer, a successful MIP and either with or without the addition of 3D 

printed electrode. 

In regard to the 3D printed electrode, as previously stated, it is not compatible with organic 

solvent-based analyses. However, if the above improvements can be made and DMNB does 

dissolve in a buffer solution, such like that of Wang (64), then the 3D printed electrode can be 

implemented to the improved method. 
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