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[bookmark: _Toc224744228]ABSTRACT

The quantitation of explosives involves the application of analytical chemistry techniques to determine the relative amounts of explosive materials contained within a sample. This capability is critical to a range of domains within the study of energetics including material characterisation, forensic investigations, technical intelligence, and safety. Within Dstl’s Chemical Analysis Service (CAS), one of the primary techniques used for this is Ultra-High Performance Liquid Chromatography (uHPLC). This report describes how a method was developed which delivered improved analytical performance for the end user, and details the steps made towards validating this method for operational use by CAS. Selectivity of the method was improved through the selection of a new column and mobile phase, and validation experiments demonstrated the method to be repeatable and linear, with further experiments planned for the future to validate robustness, intermediate precision, and bias.
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[bookmark: _Toc224744233]Chapter 1 Project Overview

[bookmark: _Toc121041576][bookmark: _Toc202288056][bookmark: _Toc266447524][bookmark: _Toc224744234]1.1 Introduction
The Forensic Explosives Laboratory (FEL) is a delivery team within the Defence Science and Technology Laboratory (Dstl) which provides forensic analysis of explosives and related samples to law enforcement and other customers [1]. To ensure that the quality of the results provided is in line with the requirements of the Forensic Science Regulator Code of Practice (FSR COP) [2]  and ISO17025 [3], analytical methods are required to undergo validation to demonstrate their performance and suitability for service in line with quality guidelines. One such method is “INS/SM085: Quantitative Analysis of Explosives using uHPLC-UV” [4] which is a method used by the Chemical Analysis Service (CAS) to analyse the relative amounts of specific explosives in a sample. There was a requirement to carry out validation on this method to demonstrate its reliability and suitability for use, and to enhance understanding of the method. A series of experiments were designed to develop and validate the method, and the planning, conduct, and results of those experiments are discussed in the following sections.

[bookmark: _Toc202288058][bookmark: _Ref202288793][bookmark: _Toc266447525][bookmark: _Toc224744235]1.2 Aim
The aim of this project was to complete the development and validation process for INS/SM085 and deliver it as a new standardised method in the FEL Quality Management System (QMS). This would entail making changes to the method in order improve its’ performance, and then conducting a full validation procedure in line with FEL’s validation protocol [5].










[bookmark: _Toc266447526][bookmark: _Toc224744236]1.3 Objectives
The objectives of this project were:
· Identify best practice in UHPLC Analysis and method design, and understand how this can be applied to INS/SM085.
· Identify and implement improvements to the method based on previous and new research.
· Demonstrate compliance of INS/SM085 with quality guidelines and validation procedures, and the end user requirements.
· Issue INS/SM085 into the FEL Quality Management System (QMS).

[bookmark: _Toc224744237]1.4 Principles of the Method
INS/SM085 is an Ultra-High Performance Liquid Chromatography (uHPLC) method used to quantify the relative amounts of explosive materials in a sample. IUPAC describe chromatography as “A physical method of separation in which the components to be separated are distributed between two phases, one of which is stationary (stationary phase) while the other (the mobile phase) moves in a definite direction” [6]. In uHPLC, the mobile phase is a mixture of solvents pumped through a column packed with the stationary phase at high pressures, with the particle sizes within the stationary phase being sub-2µm [7]. As a reversed-phase method, analytes are retained by the column longer the more hydrophobic they are [8]. A gradient elution is used whereby the proportion of solvents in the mobile phase changes over time to optimise analyte separation [9]. After flowing through the column, analytes are detected using an Ultraviolet Photodiode Array (UV-PDA) which works by measuring the absorbance of the analyte at a specific wavelength [10] [11]. In the case of INS/SM085, the measured wavelength is 208nm. The absorbance is plotted against time to give a chromatogram, which appears as a series of peaks. Each peak corresponds to a specific analyte, and the time at which it arrives at the detector is known as the Retention Time (RT). The area of the peak is calculated by integration carried out by the instrument software.
[image: ]
[bookmark: _Toc224224592]Figure 1: Annotated chromatogram identifying key information
[image: ]For quantitation, a calibration line of concentration against peak area is generated by injecting a series of standards prepared from Certified Reference Material across a range of concentrations. The peak area of the analyte in the sample chromatogram is compared to the calibration line to determine the concentration of that analyte within the sample. 

[bookmark: _Toc224224593]Figure 2: Annotated image of the instrumental setup used in INS/SM085
[bookmark: _Toc224744238]1.5 Requirements and Criteria
The performance criteria for the method were outlined in the end-user requirement document [12], and are presented below:
· Be reliable and robust.
· Enable the identification and quantification of the required explosives using a single instrumental method, those being:
· 2,4,6-Trinitrotoluene (TNT)
· 1,3,5-Trinitro-1,3,5-triazinane (RDX)
· [bookmark: _Hlk224032376]1,3,5,7-Tetranitro-1,3,5,7-tetrazocane (HMX)
· Pentaerythritol Tetranitrate (PETN)
· Nitroglycerin (NG)
· Ethylene Glycol Dinitrate (EGDN)
· Methyl(2,4,6-trinitrophenyl)nitramide (Tetryl)
· Diethylene Glycol Dinitrate (DEGDN)
· If practicable enable the separation and quantification of the following additional analytes:
· 2,4-Dinitrotoluene (2,4-DNT)
· 2,6-Dinitrotoluene (2,6-DNT)
· 3,4-Dinitrotoluene (3,4-DNT)

[bookmark: _Toc202288059][bookmark: _Toc266447527][bookmark: _Toc224744239]1.6 Structure Of The Project
This project was broken down into four main stages. Stage 1 was the planning stage, where the requirements of the project were compiled and reviewed. This stage produced two internal documents, those being An Integrated Project Plan (IPP) [13], and an introductory presentation [14], as well as the initial project proposal document [15]. Stage 2 was the method development stage, where a series of method development experiments were carried out to improve the method before validation. This stage produced a Method Development Plan [16] and a Method Development Report [17]. The contents of these documents are discussed in the relevant sections of the report. Stage 3 was the method validation stage, where experiments were carried out to demonstrate the method’s compliance with the end users’ requirements [12], as well as ISO17025 [3], and the Forensic Science Regulator FSR COP [2].  The contents of the Method Validation Report [18] are presented in the appropriate section of this report. Stage 4 was the implementation phase, where the method validation results and the final version of the method were used to support the integration of the method into FEL’s Quality Management System (QMS). 
This report describes this work in detail, in the chapters laid out below:

· Chapter one provides an overview of the report, the aims and objectives of the research, and summarises the principles of the method.

· Chapter two summarises the research carried out in advance of the experiments and presents a literature review into UHPLC best practice and method development approaches.

· Chapter three describes how the experiments carried out for development and validation of the method were designed and explains the role that the literature and initial research played in this process.

· Chapter four outlines the conduct of the experiments and presents the outputs and results.

· Chapter five presents a summary of the analysis and interpretation of the results of the development and validation experiments.

· [bookmark: _Toc121041584][bookmark: _Toc202288061]Chapter six discusses the conclusions reached during the research and presents recommendations for next steps and future research.

· Chapter seven reflects on the research, planning, and experiments carried out and how well objectives have been met.





[bookmark: _Toc266447540][bookmark: _Toc266447528][bookmark: _Toc224744240]Chapter 2 – Literature Review and Quality Requirements
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2.1 [bookmark: _Toc224744241] Literature Review
To support the decisions made when planning the method development experiments, a review of literature and sources was undertaken. The goal of this review was to identify best-practice in LC, HPLC, and UHPLC method development, especially relating to the analysis of explosives, and considered Dstl internal research, scientific publications, and instrument manufacturer information. The first paper reviewed was a Dstl report discussing the development of a method for the trace analysis of explosives by UHPLC-MS [19] in 2021. This report described how the author had encountered the same lack of separation of TNT and Tetryl as had been experienced during previous work on INS/SM085 [13]. The report discussed a series of gradient compositions for the mobile phase which had been demonstrated to improve the separation of these peaks in the chromatogram, and so it was proposed to use these gradients as a basis for changes to the gradient on INS/SM085. 

Given the proposal to utilise Mass Spectrometry as a second identification point on the method, especially in the absence of suitable NG/Tetryl/TNT separation, it was also necessary to research the best practice for the employment of Mass Spectrometry alongside UHPLC systems. Whilst the Dstl report [19] does refer to the use of MS, its primary focus is the chromatographic aspect of the method, and so it was determined to not be relevant to this section of the review. An article in Forensic Science International [20] discusses the use of LC-MS for the analysis of explosive materials and demonstrates the utility of hyphenation of techniques for enhancing analytical capabilities. However, the method used in this report is not a perfect analogue for INS/SM085, as it uses LC as opposed to UHPLC, meaning it operates at a much lower pressure, and the mass spectrometry aspect of the method utilised Atmospheric Pressure Chemical Ionisation (APCI) as opposed to the Electrospray Ionisation (EI) used in INS/SM085. Despite this, the overall conclusion of the report that MS hyphenation is beneficial to the analysis of explosives was considered when planning the development experiments. In addition to this report, the NIST Mass Spectra database was consulted, with a focus on the spectra of TNT [21], NG [22], and Tetryl [23]. Whilst these spectra were again produced by an MS using a different ionisation technique to that used in INS/SM085, they served to illustrate that the target explosives would have sufficiently different spectra to one another to allow them to be easily discerned. 

To attempt to identify solutions to the poor peak shape exhibited by NG, a report published in the RSC Advances Journal was identified, relating to the analysis of synthesised NG by HPLC [24]. In this report, the peak produced by nitroglycerin is taller and sharper than that seen during previous work on INS/SM085. Whilst the column used in this study was similar to that used in INS/SM085, the mobile phase was significantly different, with an isocratic elution of 50% HPLC Grade Acetonitrile and 50% Water. This suggested that as an alternative to the gradients outlined in [19], a change to an Acetonitrile-based mobile phase could be beneficial. In addition to this study, consideration was given to the discussion of NG peaks in [19], wherein peak shape was improved by the gradients discussed earlier in this section, and so it was hoped that if these changes were implemented, the NG peak would also improve alongside improved separation of TNT and Tetryl.

To address the column protection aspect of the method, there was limited scholarly literature available, so the decision was instead made to consult manufacturer guidance and marketing materials to understand what was available. Welch Materials, a large chemical and equipment supplier, published an article on their website entitled ‘A Comprehensive Guide to Guard Columns and Pre-Columns’ [25] which describes the two standard approaches to column protection, those being Pre-Filters (as currently used in INS/SM085) and Guard Columns. The article described how guard columns serve to protect the column from contamination by providing both physical filtration (as with a pre-filter) and chemical adsorption (the mechanism by which the chromatographic column itself functions). Because guard columns contain a stationary phase this must be correctly matched to the stationary phase of the analytical column, it was necessary to ensure that a guard column only be purchased once the column to be used in the method was finalised. Given the benefits outlined in this article, and other Dstl research discussing the benefits of guard columns, it was elected that a guard column should be procured and tested.

All of the literature discussed above fed into the production of a method development plan [16] which outlined the experiments to be conducted. During the production of this document, and following some initial testing in the lab, additional literature was identified which further refined the development plan. In terms of enhancing separation, an article in the Journal of Chromatography [26] which discussed the analysis of Nitroglycerin and its metabolites in a medical context, suggested that a Phenyl or Diphenyl column could improve the separation of the target analytes due to their polarity. Initial testing of a phenyl column stored in the lab corroborated this and so the method development plan was updated to reflect potential column changes. In addition to this, manufacturer guidance on Formic Acid content in the mobile phase [27] suggested that the optimal Formic Acid content for Mass Spectrometry was 0.1%, which was 10x that initially used in the method, so it was proposed to alter this content to increase the suitability of the method for MS, should the QDA detector be used.

2.2 [bookmark: _Toc224744242] Quality Requirements
The method validation stage of the work was required to follow specific quality guidelines and policy, which are explained below.
FEL’s validation procedure [5] is the primary guidance for the management and conduct of method development and validation within the lab. It describes method validation as demonstrating ‘that a method, or procedure is fit for purpose within its operational context’. The validation process is broken down as follows:
1. Define End-User Requirements (EUR)
2. Determine Customer Risk Assessment
3. Develop the method and finalise a draft method statement to be validated
4. Prepare a validation plan outlining the experiments to be conducted
5. Perform validation experiments and assess results
6. Review and countersign all data
7. Write and issue validation report
8. Write and issue implementation plan
9. Implement the method
This report primarily focuses on steps 3 to 7 of the process, however other steps are referenced as needed.
The validation procedure also defines specific terms used throughout validation and provides guidance on experimental design and calculations.
In addition to internal policy, validation is conducted in line with the Forensic Science Regulator Guidance on Validation (FSR-G-201 Issue 2) [28]. This document highlights the importance of validation in ensuring that the results of the method can be relied upon for intelligence or evidential use. Whilst this method is unlikely to be used for law enforcement work, results from analysis can form part of safety cases and intelligence assessments and so the confidence provided by validation remains critical.
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Chapter 3 – Design of Experiments

3.1 [bookmark: _Toc266447530][bookmark: _Toc224744244] Method Development
The plan for the method development phase of the project was laid out in an internal report [16], which described what experiments were to be conducted, and the order in which they were to be carried out. It was identified that since significant changes would be made to the method, the order in which the experiments were conducted would matter significantly. For example, a guard column could not be procured and tested until a new column to be used for the method was selected, as the guard column must match the main column. Therefore, the following sequence of experiments was proposed:
1. Verifying the decision to use the Acquity BEH Phenyl Column instead of the Thermo C18 Column used on the existing version method by comparing the chromatograms produced by the existing method [4], as well as Methods 22 and 31 [19] on the C18 column, and the initial Acetonitrile-based method used on the Phenyl column.
2. Iterating upon the gradient and flow rate used for the selected column to develop a method that delivers the desired selectivity (resolution of all peaks should be greater than 1.5) and improves peak height and area relative to the original method.
3. Testing of a guard column to verify that adding one to the method does not result in any significant loss of performance. This phase would also include repeat runs of a multicomponent sample to verify repeatability of the new method before proceeding to validation.
4. Testing of the QDA Mass Spectrometer accessory in Single Ion Monitoring (SIM) mode to provide an alternative method for the identification of analytes. This step was judged to be only strictly necessary if chromatographic resolution of all target analyte peaks was not achieved, but it would still deliver potential improvements to the method regardless.  





3.2 [bookmark: _Toc224744245] Method Validation
As described in Section 2.2, validations in FEL are conducted in line with an approved validation procedure [5]. This document describes the technical and administrative requirements for validations and advises on approaches to statistical analysis.
The validation plan [29] outlined the following experiments to be carried out based on [5], and previous validations of similar methods.
1. Repeatability: verifying that the method has acceptable repeatability through repeat injections of single-component standards.
2. Linearity and Working Range: verifying that the method has acceptable linearity through repeat injections of multicomponent standards across a range of concentrations.
3. Validation of the multi-component standards: verifying that the use of multi-component standards does not reduce quantitative accuracy due to reaction or degradation of individual analytes. 
4. Intermediate precision and Bias: verifying that changing the operator, column, and mobile phase batch does not reduce quantitative accuracy.
5. Interferents: verifying that no chemicals expected to occur in an operational sample (e.g. plasticisers or propellant stabilisers) elute at the same time as any target analyte.
6. Robustness:
a. Stability: verifying that the calibration standards can be used for long sequences and stored between analyses without degradation of analytes in solution.
b. Matrix Effects: verifying that sample matrices of operational samples do not affect quantitative accuracy.







[bookmark: _Toc341174544][bookmark: _Toc121041633][bookmark: _Toc202288167][bookmark: _Toc266447548][bookmark: _Toc224744246]Chapter 4 – Conduct of Experiments

[bookmark: _Toc224744247]4.1 Method Development
Before formally commencing the main set of method development experiments, a series of scoping experiments were conducted. The first of these experiments consisted of installing an Acquity BEH Phenyl Column, using a stationary phase similar to that suggested in [26]. The gradient used on this column used a mixture of Acetonitrile (ACN), Water, and Water+0.1% Formic Acid as the mobile phase, with ACN  starting at 10%, and finishing at 90% at t=5 minutes, before reducing back to 10% to flush the column between t=5.1 minutes and t=6 minutes. Water+0.1%FA concentration was kept constant at 10%. This experiment yielded the following chromatogram when tested with a multicomponent standard containing all of the target analytes except the nitrotoluenes and dinitrotoluenes. 

[image: ]
[bookmark: _Toc224224594]Figure 3: Chromatogram produced by the initial 'PhenylACN' Method during scoping experiments
The next scoping experiment tested a range of single-component standard, containing each of the target analytes individually, including the nitrotoluenes and dinitrotoluenes, in order to identify their retention times for this prototype method. This pair of experiments identified that the prototype method improved selectivity over the original method, achieving separation of TNT and Tetryl, as well as improved peak shape for NG, although it was identified that NG co-eluted with 3,4-DNT. This suggested that further development of this method should focus on improving the resolution of these two peaks. 
The final scoping experiment was using the QDA in full scan mode with single-component standards to identify the major peaks in the mass spectra of each analyte, which verified that SIM could be effective at identifying the analytes.

Once these scoping experiments and development plan had been completed, the process of further developing the gradient to optimise resolution began. The first experiment to be carried out during this phase was the capturing of reference data for comparisons. This involved capturing a chromatogram from each of the following methods for comparison to newly developed methods:
1. INS/SM085 Original Method
2. Method 22
3. Method 31
4. Initial Phenyl Method
This series of experiments produced the following chromatograms:

[image: ]
[bookmark: _Toc224224595]Figure 4: The chromatogram produced by the existing INS/SM085 Method. 
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[bookmark: _Toc224224596]Figure 5: The chromatogram produced by 'Method 22' [19]
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[bookmark: _Toc224224597]Figure 6: The chromatogram produced by 'Method 31' [19]. It is not fully understood why this method did not produce any peaks.
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[bookmark: _Toc224224598]Figure 7: The chromatogram produced by the initial phenyl column method, including NTs and DNTs
These experiments showed that Methods 22 and 31 did not provide a significant improvement over the original method, but the phenyl column paired with an acetonitrile/water mobile phase did, confirming the findings of the initial scoping experiments. Although 3,4-DNT co-eluted with NG, it was assessed that resolution of these two peaks could likely be achieved with adjustments to the gradient and so it was decided to proceed with the phenyl column and ACN/Water mobile phase as a basis for further iterations. 


The gradient iteration experiments involved testing a large range of gradients derived from the initial ‘PhenylACNMethod’ gradient, making changes based on the results of each set of experiments. Given the large number of gradients trialled, the chromatograms of each of these are presented in Appendix 3, with this section describing the iterative process, and displaying specific chromatograms of interest.
The first set of iterations involved changing the start point of the gradient, which was initially set at 10% ACN, to 20%, 30%, 40%, and 50% ACN, with the end point remaining constant at 90% ACN. These experiments indicated that up to 30% initial ACN concentration, the resolution of later peaks increased, which was beneficial to the resolution of NG from 3,4-DNT, but at 40% and 50% ACN, the resolution of earlier analytes decreased significantly, and so the next set of iterations were based on starting concentrations of 10%, 20%, and 30%
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[bookmark: _Toc224224599]Figure 8: The chromatogram produced from the 'PhenylACN2090' method tested during method development.
The next test carried out was the varying of the end point of the gradient, from 90% ACN down to 80% and 70%. From these potential gradients, the most promising were identified as 2070 and 3070. This series of experiments overall indicated that a slower gradient would achieve the best resolution of all analytes, especially NG, and so the next set of tests used this information to inform their refinements.

[image: ]
[bookmark: _Toc224224600]Figure 9: The Chromatogram produced from the 'PhenylACN 2070' method tested during method development
The next set of tests involved lowering the ending concentration of ACN from 70% to 60% to see if PETN (the latest eluting analyte) would still elute and be detected. This was demonstrated to be the case, and so it was decided that lower ending concentrations of ACN could be used in the following iterations.

An experiment was then conducted to test the inclusion of an isocratic step, where the ratios of solvents remain constant for a period of time. This had a negative effect on selectivity and response, and so was not pursued further.
[image: ]
[bookmark: _Toc224224601]Figure 10: Chromatogram produced from the ‘PhenylACN ISO1’ method tested during method development
As the inclusion of an isocratic step was determined to not improve resolution of the target analytes, the next series of tests focused on a 2-point gradient, where the concentration of ACN increases at one constant rate for a given period of time, and then changes to a different constant rate for the remainder of the gradient. A wide number of 2-point gradients were tested to determine which achieved the highest resolution of NG whilst ensuring all other analytes also eluted with sufficient resolution. Following several iterations, it was identified that maintaining the end point of the gradient at t=5 minutes was unlikely to achieve acceptable resolution of the target analytes, and so a series of gradients were tested which moved the end point of the gradient to t=5.5 minutes. Of these, the most promising was a gradient referred to as ‘2P9’, i.e. the 9th two-point gradient tested, which achieved a resolution of 1.38 for NG. Although this was still not above the 1.5 threshold laid out at the start of the experimental design, it was identified as the best candidate method on which to base the next set of iterations
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[bookmark: _Toc224224602]Figure 11: Chromatogram produced by the 'PhenylACN2P9' method tested during method development.
Given that the gradient had now been developed to a point that the majority of the performance requirements were met, it was decided to test the effects of changing the temperature of the column and the flow rate of the mobile phase. The temperature was set to 50°C and 60°C, as opposed to the 40°C as used in the existing method. This caused co-elution of multiple peaks to occur and so it was not pursued further. Lowering the flow rate from 0.65mL/min to 0.6mL/min and 0.55mL/min did demonstrate increased resolution, and specifically at 0.55mL/min, brought the resolution of NG above the 1.5 acceptance threshold, and the chromatogram for this method is presented below.
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[bookmark: _Toc224224603]Figure 12: Chromatogram produced by the '2P9_055' method with no guard column fitted, which met all selectivity requirements

With the success of this method at meeting the majority of the end user requirements [12], the next step was to fit a guard column to investigate the effect on method performance. With the guard column fitted, the multi-component standard was run on the instrument and the following chromatogram was produced:
[image: ]
[bookmark: _Toc224224604]Figure 13: Chromatogram produced by the ‘2P9_055’ method with a guard column fitted
Whilst the addition of a guard column was observed to result in a shift in retention times as expected, the resolution of NG from 3,4-DNT also fell back below the Rs = 1.5 threshold laid out as a performance target, however this was not judged to be detrimental to the method overall as the end user requirements [12] described analysis of the DNTs as ‘if practicable’ and so removal of the DNTs from the method would not preclude validation. Once the basic performance of the method with a guard column was fitted, 11 repeats of the sequence were run in order to provide an initial insight into the repeatability of the method in advance of validation.
The final set of experiments run in the development process was testing of the mass spectrometer as an alternative method for detection and quantification of analytes, however the response was poor, and given that chromatographic separation had been achieved in line with the end user requirements, this was not pursued further. 

4.2 [bookmark: _Toc224744248] Method Validation
4.2.1 [bookmark: _Toc224744249]Repeatability
The first validation experiment conducted was an investigation into the repeatability of the method. For this experiment, single-component standards of each target analyte were prepared by dilution of certified reference materials. All standards were prepared at a concentration of 50ng/μL. Each of these standards was injected into the instrument 11 times, with 2 blank injections between each analyte. The retention time and peak area of each injection was recorded and the mean, standard deviation, and %RSD were calculated to allow the results to be compared to the acceptance criteria. Initial analysis demonstrated acceptable repeatability for all analytes except RDX, for which one injection showed significantly reduced peak area. It was determined that the most likely cause of this was either a bubble in the syringe or poor pickup from the sample vial, and so a new vial of sample was prepared, and the instrument was re-primed, which then yielded RDX results in line with expectations. Example chromatograms for each analyte, as well as blanks, are presented in Appendix 3.






4.2.2 [bookmark: _Toc224744250]Linearity
The second validation experiment conducted was an investigation into the linearity of the method. For this experiment, multi-component standards containing combinations of the target analytes were prepared across a range of concentrations as per the tables below. Two multi-component standards were chosen to avoid mixing EGDN with DEGDN, or RDX with HMX, as small amounts of HMX exist in the CRM of RDX and vice-versa, and the same is true for EGDN and DEGDN. 
	Analyte
	Concentrations (ng/μL)
	Make-up Solvent

	EGDN
	1,10,25,50,75,100,250
	ACN

	RDX
	
	

	TNT
	
	

	Tetryl
	
	


[bookmark: _Toc224227187]Table 1: Components and concentrations of Multicomponent Standard 1

	Analyte
	Concentrations (ng/μL)
	Make-up Solvent

	HMX
	1,10,25,50,75,100,250
	ACN

	DEGDN
	
	

	NG
	
	

	PETN
	
	


[bookmark: _Toc224227188]Table 2: Components and concentrations of Multicomponent Standard 2
The standards were diluted in volumetric flasks, with aliquots dispensed by electronic pipette as per the table below:
	Concentration (ng/uL)
	Aliquot (μL)
	Volumetric Flask (mL)

	1
	20
	20

	10
	20
	2

	25
	25
	1

	50
	50
	1

	75
	75
	1

	100
	100
	1

	250
	250
	1


[bookmark: _Toc224227189]Table 3: Aliquot and Volumetric Flask volumes for Standard Preparation
These multi-copmponent standard were injected into the instrument 11 times at each concentration, and the peak area was plotted against the concentration to generate a calibration curve. The r2 value of this curve was measured to determine the linearity, with an acceptance criteria of r2 > 0.998, and regression analysis was carried out to identify any significant residuals. 
Several challenges were experienced during these experiments wherein linearity was poor (r2<0.998) and significant residuals were observed, especially at lower concentrations. This was determined to be due to errors in sample preparation, where a small aliquot (10µL) of standard was used. This was solved by using an electronic pipette with a higher precision of dispensed volume, and ensuring that the minimum aliquot used was 20µL, even if this meant stocks of CRM were consumed faster.

4.2.3 [bookmark: _Toc224744251]Validation of the Multi-Component Standards
The third validation experiment conducted was the validation of the multi-component standards described in section 4.3.2. Whilst it is desirable to be able to use multi-component standards in order to reduce the number of standards required to be prepared for an analysis, this should not come at the cost of quantitative accuracy. To determine this, each multicomponent was injected twice at 10, 25, 50, 75, and 100ng/μL, followed by 2 injections of each of the single-component standards described in section 4.3.1 (interspersed with blanks between each analyte), followed by standards again. The 4 injections of each standard were used to generate a calibration line within the instrument software, and the single-component standards were quantified based on this. If the measured concentration was within 5% of the prepared concentration, the analyte was deemed to be suitable for inclusion within a multi-component standard, but if the measured concentration fell outside of this range, calibration standards for that analyte would only be single-component in operational use of the method,

4.2.4 [bookmark: _Toc224744252]Precision and Bias
The Precision and Bias experiments aimed to capture the deviation in results that would be experienced during operational use of the method. To capture this, four operators trained in the method were selected to carry out analysis. Each operator would prepare their own set of calibration standards and prepare fresh eluents, regardless of if the eluent had expired or not. In addition, three different columns would be used during the course of the experiments. By pooling the various outputs of these experiments, the deviation between operators could be determined and bias could be quantified by observing the difference between the prepared and measured concentration of the single-component standards, as was done for the multi-component standard validation. During the first operator’s experiment, a loss in precision was identified and retention times were observed to shift significantly between injections, and the injection peak was observed to also move. Initial investigations determined this to be an issue with the syringe used to inject the samples, and repairs were initiated. However, these repairs were not completed as of the time of writing, and so completion of some further experiments was precluded.

4.2.5 [bookmark: _Toc224744253]Interferents
An interfering compound is described as ‘any chemical present in the sample which may give an analytical response at a similar retention time to the target analytes.’ [29]. It is important to identify potential interferents during validation, as they can lead to misidentification of analytes or quantitative errors. Based on known components of potential operational samples, the following materials were assessed as potential interferents:













	Material
	Description

	2-NT
	Common Additives, identified as potential interferents during method development

	3-NT
	

	4-NT
	

	2,4-DNT
	

	3,4-DNT
	

	2,6-DNT
	

	Dimethyl Phthalate (DMP)
	Plasticisers, identified as potential interferents based on known sample components

	Diethyl Phthalate (DEP)
	

	Dibutyl Phthalate (DBP)
	

	Nitroguanidine (NQ)
	Explosive, typically found in Triple-Base propellants. Identified as a potential interferent based on known sample components

	Stabilisers Multicomponent
	Mixture of propellant stabilisers based on target analytes for a separate stabiliser analysis method. Identified as potential interferents based on known sample components.


[bookmark: _Toc224227190]Table 4: List of Potential Interferents
To determine if any of these materials did interfere with target analytes, each was injected individually at 50ng/uL to identify their retention times and compare to the known retention times of target analytes. Any compounds then identified as having similar RTs to a target analyte were injected alongside that analyte to determine if they would be resolved. For these experiments, the single-component injections were completed before the instrument failure, however the injection of interferents alongside specific analytes was not complete at the time of writing.




4.2.6 [bookmark: _Toc224744254]Robustness
4.2.6.1 Matrix Effects
In addition to the effects of specific interferents as discussed above, the analyte response, and thus the quantitative accuracy, can also be affected by other sample components, known as the sample matrix, and the impacts on the results are known as matrix effects [30]. In order to identify whether there were significant matrix effects from standard explosive samples, the following explosives were analysed.
· Plastic Explosive 8 (PE8)
· Single-Base Propellant
· Two different Double-Base Propellants (Referred to as DB1 and DB2)
To measure matrix effects, each sample was prepared in duplicate, and one of the resulting samples was spiked with reference explosives which were expected to occur in similar matrices. The sample preparation was carried out as follows.
· The explosives were weighed out in duplicate:
· PE8 Sample 1: 0.51574g
· PE8 Sample 2: 0.53198g
· Single-Base Sample 1: 0.48123g
· Single-Base Sample 2: 0.51687g
· DB1 Sample 1: 0.51116g
· DB1 Sample 2: 0.49608g
· DB2 Sample 1: 0.48769g
· DB2 Sample 2: 0.51930g
· Each sample was added to a 50mL volumetric flask and approximately 40mL of Acetonitrile was added.
· A magnetic stirrer bar was placed in each flask and left to stir for approximately four hours.
· After stirring all samples were made up to volume with Acetonitrile.
· To bring these samples within the working range of the instrument, they were diluted to a concentration of approximately 50ng/μL.
· For the propellants this required a 200μL aliquot in a 10mL volumetric flask to bring the NG concentration within the working range.
· For the PE8, this required a 50μL aliquot in a 10mL volumetric flask to bring the RDX concentration within the working range.
· One of each pair of samples was spiked with Certified Reference Material of a range of explosives before dilution, based on typical analytes known to occur in similar matrices
· PE8: 200μL each of RDX, PETN, and Tetryl
· Single-Base: 200μL each of NG, HMX, DEGDN, TNT, PETN
· DB1: 200μL each of NG, HMX, DEGDN, TNT, PETN
· DB2: 200μL each of NG, HMX, EGDN, TNT, PETN
To analyse the matrix effects, the concentration of each analyte in the spiked solutions would be compared to the unspiked solutions. A paired t-test would then be used to determine if there was any significant difference between the measured difference in concentration and the known concentration of the CRM spikes. These samples had been prepared before the instrument failure discussed in Section 4.2.4 occurred but they had not been analysed.
4.2.6.2 Stability
Stability experiments investigated two separate areas of standard stability. The first was the stability of the standards over 24 hours to verify that peak areas would remain consistent over the typical operational runtime of the instrument, and thus that quantitative accuracy would not be lost. This required repeat injections of standards over 24 hours across the expected working range of the instrument. The following sequence was repeated 13 times to make up a 24hr sequence:
· Multi 1 10ng/µL
· Multi 1 50ng/µL
· Multi 1 100ng/uL
· Multi 2 10ng/µL
· Multi 2 50ng/µL
· Multi 2 100ng/uL
· 10x ACN Blanks
Initial testing was carried out with all standards in one sequence, however it was identified that better results would be achieved by injecting separate sequences for each set of standards. Completion of these reviewed experiments was not achieved at the time of the instrument failure.
The second area of stability investigated involved determining the shelf life of the standards. This involved preparing a set of each of the standards at 10, 50 and 100ng/µL, and injecting the each alongside a freshly prepared set on days 1, 3, 7, 14, 21, and 28 after preparation to determine if the difference in peak area between the sets varied significantly. Data was captured up to Day 14, however operational use of the instrument and instrument failure interrupted these experiments and so they are to be restarted following instrument repair.


[bookmark: _Toc341174561][bookmark: _Toc224744255]Chapter 5 – Analysis of Results

[bookmark: _Toc224744256]5.1 Method Development
Following the iterations on the method, and the successful achievement of Resolution > 1.5 for all analytes, the results of the new method were compared to those of the original gradient and Method 22 to quantify the improvements. The following charts were produced to visualise this data:

[bookmark: _Toc224224605]Figure 14: Comparison of peak areas for each analyte from the tested methods


[bookmark: _Toc224224606]Figure 15: Comparison of peak heights for each analyte from the tested methods


[bookmark: _Toc224224607]Figure 16: Comparison of peak resolutions for each analyte from the tested methods


From this data, it is shown that the new method provided significant increases in peak area and peak height for all analytes when compared to the original method and Method 22. In addition, whilst some individual peak resolutions were reduced by the new method, they all remained above the acceptance threshold of 1.5, and with the successful resolution of Tetryl, it served to confirm that the new method met all the criteria laid out in the method development plan to move forwards to guard column experiments.
When the guard column tests were complete, they illustrated that the overall performance impact on the method was minimal, with the exception of the resolution of NG being reduced below the Rs =1.5 threshold. After reviewing the End User Requirements for the method [12], it was determined that since the analysis of DNTs was stated to only be required ‘if practicable’, removing them from the list of analytes and reclassifying them as interferents would be an acceptable action and would not preclude validation. 



















[bookmark: _Toc224744257]5.2 Method Validation
[bookmark: _Toc224744258]5.2.1 Repeatability
As described in section 4.3.1, the retention times and peak areas for the 11 injections of each analyte were recorded, and the mean, standard deviation, and %RSD were calculated. These are presented in the tables below:
	RT (min)
	Analyte
	EGDN
	RDX
	HMX
	DEGDN
	NG
	TNT
	Tetryl
	PETN

	
	Injection
	1
	2.585
	2.733
	3.092
	3.256
	4.681
	5.018
	5.196
	5.925

	
	
	2
	2.583
	2.741
	3.092
	3.255
	4.685
	5.019
	5.196
	5.925

	
	
	3
	2.585
	2.743
	3.094
	3.253
	4.685
	5.022
	5.193
	5.923

	
	
	4
	2.584
	2.744
	3.096
	3.252
	4.686
	5.019
	5.192
	5.924

	
	
	5
	2.585
	2.747
	3.098
	3.256
	4.683
	5.019
	5.194
	5.921

	
	
	6
	2.585
	2.745
	3.095
	3.256
	4.684
	5.018
	5.197
	5.921

	
	
	7
	2.584
	2.743
	3.094
	3.257
	4.687
	5.018
	5.199
	5.922

	
	
	8
	2.584
	2.748
	3.095
	3.256
	4.682
	5.015
	5.196
	5.919

	
	
	9
	2.584
	2.745
	3.096
	3.259
	4.685
	5.017
	5.199
	5.922

	
	
	10
	2.585
	2.745
	3.096
	3.258
	4.685
	5.018
	5.198
	5.922

	
	
	11
	2.583
	2.743
	3.095
	3.258
	4.686
	5.018
	5.198
	5.92

	
	Mean
	2.584
	2.743
	3.095
	3.256
	4.684
	5.018
	5.196
	5.922

	
	Standard Deviation
	0.00079
	0.00396
	0.00178
	0.00210
	0.00181
	0.00168
	0.00236
	0.00194

	
	%RSD
	0.0304%
	0.1442%
	0.0575%
	0.0644%
	0.0386%
	0.0335%
	0.0454%
	0.0328%


[bookmark: _Toc224227191]Table 5: Mean, Standard Deviation, and %RSD of retention times for each analyte as calculated from Repeatability experiments
	Peak Area 
(AU*sec)
	Analyte
	EGDN
	RDX
	HMX
	DEGDN
	NG
	TNT
	Tetryl
	PETN

	
	Injection
	1
	356017
	590277
	674447
	298090
	356863
	713245
	655282
	329921

	
	
	2
	353451
	588115
	681404
	296464
	358055
	714388
	663162
	328356

	
	
	3
	358785
	589154
	670623
	295116
	357806
	715606
	668904
	330215

	
	
	4
	354135
	589099
	670471
	298528
	356859
	716951
	669495
	329726

	
	
	5
	354382
	591670
	683811
	292320
	358678
	714333
	670896
	329601

	
	
	6
	354314
	587552
	683073
	294951
	359184
	716731
	677367
	329957

	
	
	7
	356382
	587187
	672289
	296125
	356714
	714786
	671707
	331703

	
	
	8
	354928
	588741
	675704
	296030
	355953
	716222
	678546
	328844

	
	
	9
	354535
	588851
	675224
	295423
	358769
	716663
	677990
	329977

	
	
	10
	354567
	586288
	674137
	300060
	357094
	719486
	677367
	329292

	
	
	11
	353387
	590202
	672604
	296870
	358031
	719338
	676670
	329944

	
	Mean
	354989
	588831
	675799
	296362
	357637
	716159
	671581
	329776

	
	Std.
Dev
	1558.204
	1534.054
	4807.866
	2062.778
	1015.078
	1988.478
	7286.836
	847.400

	
	%RSD
	0.439%
	0.261%
	0.711%
	0.696%
	0.284%
	0.278%
	1.085%
	0.257%


[bookmark: _Toc224227192]Table 6: Mean, Standard Deviation, and %RSD of peak areas for each analyte as calculated from Repeatability Experiments
[bookmark: _Toc224744259]5.2.2 Linearity and Working Range
As described in section 4.2.2, experiments were carried out to investigate the linearity and working range of the instrument. The r2 values across the entire tested range (1-250ng/uL) are presented in Table 7 below, and the graphs produced for each analyte are shown in Appendix 3
	Analyte
	r2 (1-250ng/µL)

	EGDN
	0.9992

	RDX
	0.9995

	HMX
	0.9992

	DEGDN
	0.9987

	NG
	0.9988

	TNT
	0.9998

	Tetryl
	0.9987

	PETN
	0.9982


[bookmark: _Ref224138740][bookmark: _Toc224227193]Table 7: r2 values for analytes as demonstrated during linearity experiments
To determine the actual working range of the method, regression analysis was carried out on the calibration lines to determine if there were significant residuals (Differences between the values predicted by the curve and the true values).
For all analytes, residuals were identified when the full concentration range of 1-250ng/µL. When the working range was reduced to 10-100ng/µL, residuals reduced to within an acceptable range for all analytes Multicomponent 1. Initial checks of Multicomponent 2 appeared to show less residuals however upon later review, they were determined to be unacceptably large no matter the selected working range, especially lower in the concentration range. This was determined to be due to the sample preparation errors outlined in Section 4.2.2 and so it is planned to repeat this experiment once the instrument repairs are complete.






	Conc.
(ng/µL)
	Average Residuals for 1-250ng/µL (%)

	
	EGDN
	RDX
	TNT
	Tetryl
	HMX
	DEGDN
	NG
	PETN

	1
	-50.3
	-60.0
	-437.1
	-108.2
	603.1
	-134.4
	-164.5
	-171.3

	10
	-16.5
	-10.9
	-3.2
	-41.4
	-8.6
	29.0
	15.1
	1.6

	25
	-0.7
	-3.1
	-5.9
	-16.0
	9.2
	-16.8
	-18.6
	-19.6

	50
	-1.1
	1.1
	-2.4
	-6.9
	-2.6
	-5.3
	-4.1
	-4.4

	75
	2.7
	2.0
	0.5
	-3.8
	1.2
	1.4
	1.4
	5.3

	100
	2.8
	1.6
	2.2
	0.18
	-1.9
	0.6
	2.3
	1.6

	250
	-0.6
	-0.5
	-0.2
	0.6
	0.3
	0.1
	-0.2
	-0.4


[bookmark: _Toc224227194]Table 8: Average % Residuals at each concentration level for linearity experiments between 1 and 250 ng/µL
	Conc.
(ng/µL)
	Average Residuals for 10-100ng/µL (%)

	
	EGDN
	RDX
	TNT
	Tetryl
	HMX
	DEGDN
	NG
	PETN

	10
	-1.8
	-0.8
	14.8
	92.1
	-6.1
	55.4
	31.5
	11.5

	25
	2.8
	-0.9
	-2.2
	-10.4
	10.7
	-13.6
	-16.1
	-17.26

	50
	-1.8
	0.6
	-2.2
	-3.9
	-2.2
	-3.8
	-2.9
	-3.4

	75
	0.5
	0.5
	-0.4
	-1.6
	1.4
	2.1
	2.0
	5.9

	100
	0
	-0.4
	0.8
	2.0
	-1.8
	0.9
	2.6
	1.8


[bookmark: _Toc224227195]Table 9: Average % Residuals at each concentration level for linearity experiments between 10 and 100ng/µL
The tables above show that within a working range of 10-100ng/µL, most analytes do not exhibit significant residuals. The high residuals of TNT and Tetryl at low concentrations (highlighted yellow) are suspected to be due to the breakdown of tetryl in solution and will be further investigated following instrument repair. The high residuals of HMX, DEGDN, NG, and PETN are discussed above and will be investigated with a repeat experiment following instrument repair.



[bookmark: _Toc224744260]5.2.3 Validation of Multi-Component Standards
As described in section 4.3.3, experiments were carried out to investigate the suitability of the multi-component standards for quantitative analysis. The results are presented in Table 10 below.
	Analyte
	Prepared Concentration (ng/μL)
	Measured Concentration (ng/μL)
	%Difference

	EGDN
	50
	53.15
	6.3%

	RDX
	50
	50.45
	0.9%

	HMX
	50
	51.6
	3.2%

	DEGDN
	50
	49.9
	-0.2%

	NG
	50
	54.8
	9.6%

	TNT
	50
	49.55
	-0.9%

	Tetryl
	50
	48.35
	-3.3%

	PETN
	50
	50.05
	0.1%


[bookmark: _Ref224138569][bookmark: _Toc224227196]Table 10: Prepared vs Measured Concentrations of the Single-Component Standards as seen in the Multicomponent Validation Experiments.
For NG and EGDN, the difference between prepared concentration and actual concentration was outside of the ±5% acceptance criteria. To verify that this was not an integration issue, the peaks of the samples and the 50ng/µL standards were overlaid in the software and observed to have visibly different peak areas. These overlays are presented below.
[image: ]
[bookmark: _Toc224224608]Figure 17: Overlay of peaks from multicomponent standard validation showing the difference between sample (larger peaks) and standard (smaller peaks) for EGDN at 50ng/µL
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[bookmark: _Toc224224609]Figure 18: Overlay of peaks from multicomponent standard validation showing the difference between sample (larger peaks) and standard (smaller peaks) for NG at 50ng/µL
Given this difference, it was determined that NG and EGDN were not suitable for inclusion in multi-component standards and so for all following experiments, they were injected as single-component standards for calibration.
[bookmark: _Toc224744261]5.2.4 Precision and Bias
Due to the instrument failure occurring during the first set of precision and bias experiments, no results have been acquired or analysed at the time of writing. When the instrument repairs are complete, work will continue.
[bookmark: _Toc224744262]5.2.5 Interferents
A sequence of injections containing each potential interferent was analysed, the results of which are presented in the table below, and the chromatograms from which are presented in Appendix 3.
	Material
	Observations

	2-NT
	RT 4.090 min. Non-interfering

	3-NT
	RT 4.239 min. Non-interfering

	4-NT
	RT 4.083 min. Non-interfering

	2,4-DNT
	RT 4.420 min. Non-interfering

	3,4-DNT
	RT 4.630 min. Potential Interferent for NG

	2,6-DNT
	RT 4.433 min. Non-interfering

	Dimethyl Phthalate (DMP)
	RT 2.890 min. Potential Interferent for RDX and/or HMX

	Diethyl Phthalate (DEP)
	RT 4.575 min. Potential Interferent for NG

	Dibutyl Phthalate (DBP)
	RT 5.055 min. Potential Interferent for TNT

	Nitroguanidine (NQ)
	No RT – Does not elute. Non-interfering

	Stabilisers Multicomponent
	Peaks at 2.86, 4.89, 5.82, 6.05 minutes. Potential Interferent for RDX/HMX/TNT/PETN


[bookmark: _Toc224227197]Table 11: Observations from initial interferent analysis
To assess whether the potential interferents identified above were baseline resolved from the relevant analytes, the following solutions were prepared with all components at 50ng/μL.  The instrument failure occurred after these samples had been prepared but before they were analysed, and so no results were produced to definitively determine resolution between analytes and suspected interferents




	Solution
	Contents

	Interferent Combo 1
	3,4-DNT+NG

	Interferent Combo 2
	DMP+RDX+HMX

	Interferent Combo 3
	DEP+NG

	Interferent Combo 4
	DBP+TNT

	Interferent Combo 5
	Stabilisers Multi+RDX+HMX+TNT+PETN


[bookmark: _Toc224227198]Table 12: Solutions prepared to determine resolution of interferents
[bookmark: _Toc224744263]5.2.6 Robustness
5.2.6.1 Matrix Effects
Matrix effect samples were prepared before instrument failure occurred but were not analysed, and so no results were produced. These samples are to be analysed following instrument repair.
5.2.6.2 Stability
During the repeat injections to determine 24-hour stability, all analytes other than TNT and Tetryl exhibited deviations of ±3% or less from the mean in their peak areas across all three concentrations tested. TNT was observed to deviate up to 10% from the mean peak area at 10ng/µL, and Tetryl was observed to deviate up to 15% from the mean peak area at 10 and 50ng/µL. This was suspected to be due to the instability of Tetryl in solution, and the fact that these two analytes elute alongside one another, leading to breakdown products and peak shape changes of Tetryl affecting the peak shape of TNT. The tables below describe the observed deviations.








	10ng/µL

	Analyte
	% Deviation in 24hrs (Largest Peak Area)
	% Deviation in 24hrs (Smallest Peak Area)

	EGDN
	2.3%
	-2.4%

	RDX
	0.3%
	0.5%

	TNT
	9.6%
	-5.8%

	Tetryl
	15.5%
	-11.8%

	HMX
	0.2%
	-0.2%

	DEGDN
	2.6%
	-2.5%

	NG
	1.4%
	-0.8%

	PETN
	2.2%
	-1.3%


[bookmark: _Toc224227199]Table 13: Deviation in Peak Area over 24 hours for all analytes at 10ng/µL












	50ng/µL

	Analyte
	% Deviation in 24hrs (Largest Peak Area)
	% Deviation in 24hrs (Largest Peak Area)

	EGDN
	0.7%
	-1.1%

	RDX
	0.4%
	-0.5%

	TNT
	1.7%
	-1.4%

	Tetryl
	6.2%
	-15.2%

	HMX
	0.1%
	-0.1%

	DEGDN
	0.6%
	-0.8%

	NG
	0.7%
	-0.8%

	PETN
	0.6%
	-1.0%


[bookmark: _Toc224227200]Table 14: Deviation in Peak Area over 24 hours for all analytes at 50ng/µL













	100ng/µL

	Analyte
	% Deviation in 24hrs (Largest Peak Area)
	% Deviation in 24hrs (Largest Peak Area)

	EGDN
	1.4%
	-1.9%

	RDX
	1.3%
	-0.9%

	TNT
	0.5%
	-0.4%

	Tetryl
	1.0%
	-0.4%

	HMX
	0.5%
	-0.4%

	DEGDN
	0.7%
	-0.9%

	NG
	0.8%
	-1.0%

	PETN
	0.9%
	-0.7%


[bookmark: _Toc224227201]Table 15: Deviation in Peak Area over 24 hours for all analytes at 100ng/µL
For the 28-Day stability, instrument breakdowns and operational use of the instrument prevented sufficient data being gathered to identify a trend in peak area over the 28 days. It was identified from the limited data gathered that Tetryl would likely be unstable in storage, in line with other experiments and previous research.

[bookmark: _Toc341174562][bookmark: _Toc224744264]Chapter 6 - CONCLUSIONS AND RECOMMENDATIONS
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6.1 [bookmark: _Toc224744265]Conclusions
6.1.1 [bookmark: _Toc224744266]Review of Objectives
The aim of this research was to develop and validate INS/SM085 for use within the Forensic Explosives Laboratory’s Chemical Analysis Service. Although full completion of the validation was delayed due to the instrument failure, significant progress was still made against all but one of the original project objectives, those being:
· Identify best practice in UHPLC Analysis and method design, and understand how this can be applied to INS/SM085.
· Objective complete. Literature review conducted and understanding of uHPLC techniques applied to Method Development plan.
· Identify and implement improvements to the method based on previous and new research.
· Objective complete. Method development carried out delivering tangible improvements to method performance, with improved peak area and selectivity.
· Demonstrate compliance of INS/SM085 with quality guidelines and validation procedures, and the end user requirements.
· Objective partially complete. Method validation experiments were paused due to instrument failure however all experiments conducted at the time of writing either demonstrate compliance with end user requirements or, if they do not, a cause has been identified. A plan is in place to resume the work at the nearest opportunity to complete remaining experiments.
· Issue INS/SM085 into the FEL Quality Management System (QMS).
Objective incomplete. Until validation has been completed, the method will not be able to be issued. This objective will be completed once validation resumes.


6.1.2 [bookmark: _Toc224744267]Method Development
The method development experiments carried out aimed to introduce improvements to the method performance based on shortcomings identified during previous research and operational use. Through the selection of a new column more suitable for the analysis of compounds containing nitro groups and changes to the composition, flow rate, and gradient of the mobile phase, the selectivity and analyte response was improved and the shortcomings were successfully mitigated. However, owing to co-elution and interferences with other analytes, analysis of NT and DNT isomers was determined not to be practicable whilst retaining the ability to analyse a wide range of explosives.

6.1.3 [bookmark: _Toc224744268]Method Validation
The method validation experiments aimed to demonstrate that the method was suitable for operational use. In the course of these experiments, the following conclusions were reached. For repeatability: the method demonstrated acceptable repeatability for all target analytes and met the acceptance criteria described in the end user requirements For linearity: all analytes were determined to produce acceptable calibration curves with r2 values and working ranges meeting the acceptance criteria described in the end user requirements. A repeat experiment to verify performance of Multicomponent 2 is planned following instrument repair. For validation of the multi-component standards: NG and EGDN were determined to be unsuitable for inclusion in multi-component standards and so the method was updated to reflect this. For precision and bias: during these experiments, a loss of precision was observed with retention times shifting significantly between injections. No useful data had been gathered as of the time of writing but additional experiments are planned once the instrument has been repaired.
For interferents: potential interferents were identified through comparison of retention times of the potentially interfering compounds to the retention times of the analytes. Further work is required to determine resolution between analytes and interferents as instrument failure precluded this work being carried out in the original timeframe. For matrix effects: it was not possible to determine the matrix effect for any analyte at the time of writing due to instrument failure, and so further work is required to carry out these experiments and determine matrix effects once the instrument repairs are complete. For stability: initial experiments suggested that standards were acceptably stable over 24 hours, and that all analytes except tetryl would be shelf-stable for an acceptable period, however the interruption of these experiments by the instrument breakdown will require additional work and repeats following instrument repair.


6.2 [bookmark: _Toc224744269] RecComendations for  Further Research
Given the interruption in experiments caused by the instrument failure, the following actions are required to complete the validation:
· Repeat of Multicomponent Standard 2 and NG Linearity based on review of initial data.
· Complete all precision and bias experiments.
· Resume interferent and matrix effect experiments.
· Restart and complete stability experiments.
In addition to completion of validation, several subjects have been identified that could be of interest as topics for further study or development
· Development of a method for the quantitative analysis of Nitrotoluenes and Dinitrotoluenes.
· Although the end user requirements specified that NTs and DNTs should only be included in the method ‘if practicable’, there is still a potential requirement to quantify these materials and so research could be conducted to identify the best technique for this analysis and develop an appropriate method.
· Improved understanding of the behaviour of Tetryl in solution.
· During the validation experiments, the breakdown of Tetryl in solution presented a number of challenges to the preparation and storage of standards. Research could be conducted to characterise the breakdown products and investigate if alternative techniques would be more suited to the quantitative analysis of Tetryl.



· Inclusion of Additional Analytes to INS/SM085.
· This research has been focused solely on the target analytes prescribed in the end user requirements. There is potential scope for research into the inclusion of additional analytes, such as R-Salt, to the method.
[bookmark: _Toc341174563][bookmark: _Toc224744270]
Chapter 7 – Reflections

This research has provided an opportunity to improve understanding of best practice in uHPLC analysis and method development. The importance of selecting the correct pairing of column and mobile phase to match the chemistry of the analytes was demonstrated through the improvements made to selectivity by altering these aspects. In retrospect, time spent on administrative tasks such as review of internal documents could have been managed more effectively, and doing so would likely have meant that the method validation experiments could have begun at an earlier date, and so the effects of the instrument breakdown could have been mitigated, leading to these tasks being completed on time.
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[image: ][bookmark: _Toc224237910]Figure A - 1: GANTT Chart with planned vs actual dates
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[bookmark: _Toc224237911]Figure A - 2: Key to GANTT Chart
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	Date
	Activities Conducted

	01/04/2025-17/04/2025
	Internal Dstl IPP and Presentation on the project were prepared and reviewed by the Project Technical Authority (PTA)

	28/04/2025
	Presentation on Project Proposal given to FEL Project Management Team

	30/04/2025
	Training Session familiarising myself with the current method.

	14/05/2025
	Began working on internal literature review to identify method development options

	19/05/2025
	Discussion of literature and development options with my mentor, formalising of plans and timelines

	20/05/2025
	Began drafting Project Proposal and considering ideas for method development based on earlier discussions

	29/05/2025
	Began drafting method development plan. Putting all ideas from discussions and literature reviews onto paper.

	02/06/25
	Ran some HMX samples on the instrument to improve my understanding of the quantitation functions

	03/06/2025
	Sent first draft of Method Development plan for review by Mentor



	05/06/2025
	Session in the lab with my mentor to build understanding of method development and run some initial experiments on alternative columns

	06/06/2025
	Reviewed feedback on first draft of method development plan and updated it to reflect the results of the initial experiments conducted 05/06/2025

Final Project Proposal approved for publication and submitted to university

	13/06/2025
	Received feedback on second draft of Method Development Plan and wrote third draft. Clear plan now in place for development experiments

	24/06/2025-26/06/2025
	Attended LGC Method Validation Course to gain understanding of validation techniques and form part of my FEL competency in Method Validation

	30/06/2025-01/07/2025
	Carried out an experiment to determine retention times on the new column and improve understanding of its’ behaviour. Collected mass spectra for all explosive analytes

	02/07/2025-03/07/2025
	Carried out an experiment to demonstrate the instruments ability to identify explosives by SIM based on the spectra collected on 1/7. Built understanding of how to edit the method.


	July-September 2025
	Carried out further method development experiments. Refined the gradient to optimise analyte separation.

	September-December 2025
	Completed the method development report and drafted the method development plan

	January-March 2026
	Carried out method validation experiments and worked on validation report

	February 2026
	Instrument failure occurred when significant retention time drift occurred during precision and bias experiments. Spare parts ordered but did not arrive in time to repair the instrument and complete experiments before report submission.

	14/03/2026
	Dissertation completed and submitted for Permission to Publish

	20/03/2026
	Dissertation, Poster, and Viva submitted.
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[bookmark: _Toc224744276]Appendix 3 Chromatograms and plots

This appendix contains a series of chromatograms and other plots produced during the research which aid understanding of the processes followed but were deemed unnecessary to include in the main body of text.
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[bookmark: _Toc224237912]Figure A - 3: Method Development Chromatogram 'PhenylACN3090' method
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[bookmark: _Toc224237913]Figure A - 4: Method Development Chromatogram 'PhenylACN4090' method
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[bookmark: _Toc224237914]Figure A - 5: Method Development Chromatogram 'PhenylACN5090' method
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[bookmark: _Toc224237915]Figure A - 6: Method Development Chromatogram 'PhenylACN3070' method
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[bookmark: _Toc224237916]Figure A - 7: Method Development Chromatogram 'PhenylACN1070' method
[bookmark: _Toc224237917][image: ]Figure A - 8: Method Development Chromatogram 'PhenylACN3080' method
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[bookmark: _Toc224237918]Figure A - 9: Method Development Chromatogram 'PhenylACN2080' method
[bookmark: _Toc224237919][image: ]Figure A - 10: Method Development Chromatogram 'PhenylACN1080' method
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[bookmark: _Toc224237920]Figure A - 11: Method Development Chromatogram 'PhenylACNISO2' method
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[bookmark: _Toc224237921]Figure A - 12: Method Development Chromatogram 'PhenylACN2P1' Method
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[bookmark: _Toc224237922]Figure A - 13: Method Development Chromatogram 'PhenylACN2P2' method
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[bookmark: _Toc224237923]Figure A - 14: Method Development Chromatogram 'PhenylACN2P3' method
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[bookmark: _Toc224237924]Figure A - 15: Method Development Chromatogram 'PhenylACN2P4' method
[image: ]
[bookmark: _Toc224237925]Figure A - 16: Method Development Chromatogram 'PhenylACN2P5' method
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[bookmark: _Toc224237926]Figure A - 17: Method Development Chromatogram 'PhenylACN2P6' method
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[bookmark: _Toc224237927]Figure A - 18: Method Development Chromatogram 'PhenylACN2P7' method
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[bookmark: _Toc224237928]Figure A - 19: Method Development Chromatogram 'PhenylACN2P8' method
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[bookmark: _Toc224237929]Figure A - 20: Method Development Chromatogram 'PhenylACN2P10' method
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[bookmark: _Toc224237930]Figure A - 21: Method Development Chromatogram 'PhenylACN2P11' method
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[bookmark: _Toc224237931]Figure A - 22: Method Development Chromatogram 'PhenylACN2P12' method
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[bookmark: _Toc224237932]Figure A - 23: Method Development Chromatogram 'PhenylACN2P13' method
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[bookmark: _Toc224237933]Figure A - 24: Method Validation Chromatogram - RDX
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[bookmark: _Toc224237934]Figure A - 25: Method Validation Chromatogram - HMX
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[bookmark: _Toc224237935]Figure A - 26:Method Validation Chromatogram - EGDN
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[bookmark: _Toc224237936]Figure A - 27: Method Validation Chromatogram – DEGDN
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[bookmark: _Toc224237937]Figure A - 28: Method Validation Chromatogram - NG
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[bookmark: _Toc224237938]Figure A - 29: Method Validation Chromatogram - TNT
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[bookmark: _Toc224237939]Figure A - 30: Method Validation Chromatogram - Tetryl
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[bookmark: _Toc224237940]Figure A - 31: Method Validation Chromatogram - PETN
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[bookmark: _Toc224237941]Figure A - 32: Method Validation Chromatogram - Multicomponent 1
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[bookmark: _Toc224237942]Figure A - 33: Method Validation Chromatogram - Multicomponent 2

[bookmark: _Toc224237943]Figure A - 34: Linearity plot for EGDN in the 1-250ng/µL range


[bookmark: _Toc224237944]Figure A - 35: Linearity plot for RDX in the 1-250ng/µL range
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[bookmark: _Toc224237945]Figure A - 36: Linearity plot for TNT in the 1-250ng/µL range

[bookmark: _Toc224237946]Figure A - 37: Linearity plot for Tetryl in the 1-250ng/µL range

[bookmark: _Toc224237947]Figure A - 38: Linearity plot for HMX in the 1-250ng/µL range

[bookmark: _Toc224237948]Figure A - 39: Linearity plot for DEGDN in the 1-250ng/µL range
[bookmark: _Toc224227142]
[bookmark: _Toc224237949]Figure A - 40: Linearity plot for NG in the 1-250ng/µL range
 
[bookmark: _Toc224227143]
[bookmark: _Toc224237950]Figure A - 41: Linearity plot for PETN in the 1-250ng/µL range
 


[bookmark: _Toc224744278]Appendix 4 Bill of Materials

The below table lists the materials used during this study, describes their use and, where relevant, includes the chemical structure. 
	Material Name
	Description and Role
	Structure

	Acetonitrile (ACN)
	Polar Solvent and Mobile Phase Component
	[image: ]

	Water
	Mobile Phase Component
	[image: ]

	Formic Acid
	Mobile Phase Component (Buffer)
	[image: ]

	EGDN
	Analyte (Supplied as 1000ng/µL CRM and diluted as required)
	[image: ]

	RDX
	Analyte (Supplied as 1000ng/µL CRM and diluted as required)
	[image: ]

	HMX
	Analyte (Supplied as 1000ng/µL CRM and diluted as required)
	[image: ]

	DEGDN
	Analyte (Supplied as 1000ng/µL CRM and diluted as required)
	[image: ]

	NG
	
Analyte (Supplied as 1000ng/µL CRM and diluted as required)

	[image: ]

	TNT
	Analyte (Supplied as 1000ng/µL CRM and diluted as required)
	[image: ]

	Tetryl
	Analyte (Supplied as 1000ng/µL CRM and diluted as required)
	[image: ]

	PETN
	Analyte (Supplied as 1000ng/µL CRM and diluted as required)
	[image: ]

	2-NT
	Interferent (Supplied as 1000ng/µL CRM and diluted as required)
	[image: ]

	3-NT
	Interferent (Supplied as 1000ng/µL CRM and diluted as required)
	[image: ]

	4-NT
	Interferent (Supplied as 1000ng/µL CRM and diluted as required)
	[image: ]

	2,4-DNT
	Interferent (Supplied as 1000ng/µL CRM and diluted as required)
	[image: ]

	2-6-DNT
	Interferent (Supplied as 1000ng/µL CRM and diluted as required)
	[image: ]

	3,4-DNT
	Interferent (Supplied as 1000ng/µL CRM and diluted as required)
	[image: ]

	DMP
	Interferent
	[image: ]

	DEP
	Interferent
	[image: ]

	DBP
	Interferent
	[image: ]

	NQ
	Interferent (Supplied as 1000ng/µL CRM and diluted as required)
	[image: ]

	PE8
	Plastic Explosive, primary component RDX. Used for matrix experiments.
	N/A

	Single-Base Propellant
	Propellant. Primary component Nitrocellulose. Used for matrix experiments.
	N/A

	Double-Base Propellants 1+2
	Propellants. Mixture of Nitrocellulose and Nitroglycerin. Used for matrix experiments
	N/A


[bookmark: _Toc224286052]Table A - 2: Bill of Materials


















[bookmark: _Toc224744279]GLOSSARY

[bookmark: _Toc224744280]List of Abbreviations
FEL				Forensic Explosives Laboratory
Dstl				Defence Science and Technology Laboratory
FSR				Forensic Science Regulator
INS/SM			Instrument Standard Method
uHPLC			Ultra-High Performance Liquid Chromatography
UV				Ultraviolet
CAS				Chemical Analysis Service
QMS				Quality Management System
IUPAC			International Union of Pure and Applied Chemistry
PDA				Photodiode Array
RT				Retention Time
TNT				2,4,6-Trinitrotoluene
RDX				Research Department Explosive 
(1,3,5-Trinitro-1,3,5-triazinane)
HMX				High Melting Explosive
				(1,3,5,7-Tetranitro-1,3,5,7-tetrazocane)
PETN				Pentaerythritol Tetranitrate
NG				Nitroglycerin
EGDN				Ethylene Glycol Dinitrate
DEGDN			Diethylene Glycol Dinitrate
DNT				Dinitrotoluene
IPP				Integrated Project Plan
LC				Liquid Chromatography
HPLC				High Performance Liquid Chromatography
MS				Mass Spectrometry OR Mass Spectrometer
APCI				Atmospheric Pressure Chemical Ionisation
EI				Electrospray Ionisation
EUR				End User Requirements
ACN				Acetonitrile
FA				Formic Acid
%RSD			% Relative Standard Deviation
CRM				Certified Reference Material
NT				Nitrotoluene
DMP				Dimethyl Phthalate
DEP				Diethyl Phthalate
DBP				Dibutyl Phthalate
NQ				Nitroguanidine
PE8				Plastic Explosive 8
DB				Double-Base (Propellant)
				


[bookmark: _Toc224744281]Definitions of Technical Terms
.
Analyte			A specific chemical which is of interest in an analytical					procedure.

Bias				The difference between the true result and the						measured value.

Certified Reference		A reference material of known provenance which has 
Material			been characterised to evaluate its properties (e.g 					concentration or purity) and is issued with a certificate					which provides the values for those properties and also				provides a statement of metrological traceability			
Chromatogram	The visual output of the detector. In the case of uHPLC-UV, this appears as a series of peaks.



Chromatography		A physical method of separation in which the 
		components to be separated are distributed between 
two phases, one of which is stationary (stationary 
phase) while the other (the mobile phase) moves in a 
definite direction.
See Also: Liquid Chromatography, Ultra-High			Performance Liquid Chromatography, Chromatogram

Interferent			A chemical found in the sample which has the potential				to be incorrectly identified as an analyte of interest 					and/or cause errors in the quantitation of that analyte.					See Also: Matrix

Linearity			The ability of the method to obtain results which are					directly proportional to the concentration of a specific 					analyte in the sample.
				See Also: Working Range

Liquid Chromatography	A family of chromatographic techniques in which
				samples and the mobile phase are liquids or solutions.
				See Also: Chromatography, Ultra-High Performance					Liquid Chromatography

Mass Spectrometry		An analytical technique that identifies chemicals by					ionising them and measuring the mass to charge ratios				of the ions produced.

Matrix				All components of a sample which are not target					analytes.
				See Also: Interferent


Method Development	The process of selection of an appropriate technique or				process to meet user requirements and the conduct of 				experiments to optimise that process, along with the					drafting of a written method.

Method Validation		The process of providing objective evidence that a					method, process, or device is fit for the specific 					purpose intended.

Photodiode Array		An array of light-sensitive diodes that allow a current
				to pass through depending on the amount of light they
				are exposed to. Used to detect analytes in the method 				by measuring absorbance over time.

Precision			The variability to be expected in a result when a					method is performed by different operators using					different consumable components at different times.

Repeatability			The variability to be expected in a result when a					method is performed by a single operator over a short					timescale.

Resolution			A measure of separation between two peaks in a 					chromatogram. Calculated by multiplying the difference				between peak retention times by two, and dividing by					the difference between the baseline widths of the					peaks

Ultra-High Performance	An LC technique in which the mobile phase containing 
Liquid Chromatography	the samples is pumped through the column (stationary 				phase) at high pressures.
				See Also: Chromatography, Liquid Chromatography

Working Range		The range of concentrations across which the method					exhibits a linear relationship between analyte						concentration and detector response, without						significant deviation between predicted response and 					actual response.
				See Also: Linearity 
Peak Area Per Analyte by Method

Existing SM085 Method	HMX	EGDN	RDX	DEGDN	NG	TNT	2,4-DNT/2,6-DNT	3,4-DNT	2-NT/4-NT	3-NT	PETN	Tetryl	325506	203227	360963	142307	150282	778199	193318	48055	307629	454545	141755	MD Method 22	HMX	EGDN	RDX	DEGDN	NG	TNT	2,4-DNT/2,6-DNT	3,4-DNT	2-NT/4-NT	3-NT	PETN	Tetryl	324456	203446	363603	148983	795850	197481	50132	318136	466935	172792	Phenyl Method 2P9 0.55ml/min	HMX	EGDN	RDX	DEGDN	NG	TNT	2,4-DNT/2,6-DNT	3,4-DNT	2-NT/4-NT	3-NT	PETN	Tetryl	767356	457483	833322	312515	327884	1132862	1739671	676433	1359477	1089897	444391	674370	



Peak Height Per Analyte by Method

Existing SM085 Method	HMX	EGDN	RDX	DEGDN	NG	TNT	2,4-DNT/2,6-DNT	3,4-DNT	2-NT/4-NT	3-NT	PETN	Tetryl	221722	122880	189362	71376	47003	157936	66569	25564	111708	175342	68204	MD Method 22	HMX	EGDN	RDX	DEGDN	NG	TNT	2,4-DNT/2,6-DNT	3,4-DNT	2-NT/4-NT	3-NT	PETN	Tetryl	232219	126979	198091	48645	167523	69383	26794	116638	182457	74848	Phenyl Method 2P9 0.55ml/min	HMX	EGDN	RDX	DEGDN	NG	TNT	2,4-DNT/2,6-DNT	3,4-DNT	2-NT/4-NT	3-NT	PETN	Tetryl	242669	158173	277254	110822	153811	554562	685012	312481	366029	429373	276533	357210	



USP Resolution Per Analyte by Method

Existing SM085 Method	HMX	EGDN	RDX	DEGDN	NG	TNT	2,4-DNT/2,6-DNT	3,4-DNT	2-NT/4-NT	3-NT	PETN	Tetryl	6.19	2.83	6.99	15.09	2.36	3.88	1.26	4.72	1.63	0.72	MD Method 22	HMX	EGDN	RDX	DEGDN	NG	TNT	2,4-DNT/2,6-DNT	3,4-DNT	2-NT/4-NT	3-NT	PETN	Tetryl	6.35	2.86	21.03	2.4500000000000002	3.99	1.27	4.74	1.63	3.96	Phenyl Method 2P9 0.55ml/min	HMX	EGDN	RDX	DEGDN	NG	TNT	2,4-DNT/2,6-DNT	3,4-DNT	2-NT/4-NT	3-NT	PETN	Tetryl	4.45	8.1999999999999993	2.02	1.98	1.55	1.66	1.72	3.24	2	1.95	11.49	1.87	Resolution Acceptance Value	1.5	1.5	1.5	1.5	1.5	1.5	1.5	1.5	1.5	1.5	1.5	1.5	




EGDN	
1	1	1	1	1	1	1	1	1	1	1	10	10	10	10	10	10	10	10	10	10	10	25	25	25	25	25	25	25	25	25	25	25	50	50	50	50	50	50	50	50	50	50	50	75	75	75	75	75	75	75	75	75	75	75	100	100	100	100	100	100	100	100	100	100	100	250	250	250	250	250	250	250	250	250	250	250	6704	4749	3457	6151	6450	6388	5541	3860	6941	6893	6547	0.21287103476625227	62267	61703	59366	59702	63217	60362	60240	59911	63439	62224	63082	2.494682389665431E-2	173098	172689	171693	178547	176319	176724	172995	179309	179698	177361	172161	1.7341686159804422E-2	350363	350262	339944	339842	328279	347414	348522	339784	349016	350850	348545	2.0428208628637454E-2	535839	522695	537651	539121	537300	537088	536987	523659	540861	528561	539498	1.20004669827176E-2	719456	728427	700951	702651	703173	701883	724675	723265	703425	721978	702189	1.5840745202952807E-2	1743788	1694309	1740015	1739521	1690717	1687569	1688465	1690541	1740662	1738132	1691494	





RDX	
1	1	1	1	1	1	1	1	1	1	1	10	10	10	10	10	10	10	10	10	10	10	25	25	25	25	25	25	25	25	25	25	25	50	50	50	50	50	50	50	50	50	50	50	75	75	75	75	75	75	75	75	75	75	75	100	100	100	100	100	100	100	100	100	100	100	250	250	250	250	250	250	250	250	250	250	250	4892	10058	5107	7075	6266	10443	7512	10224	10692	7813	10318	0.27047988139332368	112528	109982	106654	107727	109474	108114	106759	108233	110828	109049	110087	1.6319134397358857E-2	277887	279144	278956	285240	283853	284918	278174	286788	290126	284493	280998	1.4185533645254714E-2	584072	584235	571441	573398	581963	581254	583789	572965	584698	589025	584619	9.939738262760546E-3	875890	859685	875742	878907	879044	875404	879069	860218	881914	871854	882195	8.9297049069684831E-3	1170141	1182819	1146212	1147144	1146361	1142579	1172202	1174895	1146918	1169796	1146419	1.3007719651408707E-2	2858570	2799470	2857995	2854453	2795900	2786969	2791394	2790993	2854814	2853291	2795505	



TNT	
1	1	1	1	1	1	1	1	1	1	1	10	10	10	10	10	10	10	10	10	10	10	25	25	25	25	25	25	25	25	25	25	25	50	50	50	50	50	50	50	50	50	50	50	75	75	75	75	75	75	75	75	75	75	75	100	100	100	100	100	100	100	100	100	100	100	250	250	250	250	250	250	250	250	250	250	250	9719	9551	9634	10198	9977	9894	9892	9316	9698	10237	9642	2.820794637620597E-2	120481	119889	121146	120378	119239	120795	119924	119858	119320	117757	119190	7.7912172810344653E-3	316772	315888	314782	316278	314722	314661	313459	314946	314926	314826	314436	2.9243487309884718E-3	669307	670193	666962	667292	669125	670654	670298	669230	672480	673658	669703	2.9276828940396375E-3	1040229	1041184	1041500	1039901	1042858	1043469	1044568	1043064	1045383	1055657	1045316	4.1473724986245339E-3	1420865	1436164	1420082	1420620	1421041	1417919	1420782	1419241	1421569	1420428	1418991	3.4760440050573744E-3	3495373	3493481	3489851	3494350	3493011	3485080	3487667	3497936	3496527	3497032	3492286	



Tetryl	
1	1	1	1	1	1	1	1	1	1	1	10	10	10	10	10	10	10	10	10	10	10	25	25	25	25	25	25	25	25	25	25	25	50	50	50	50	50	50	50	50	50	50	50	75	75	75	75	75	75	75	75	75	75	75	100	100	100	100	100	100	100	100	100	100	100	250	250	250	250	250	250	250	250	250	250	250	6485	5669	5937	5877	5555	5160	5740	5203	5360	5280	4953	7.8661880889695446E-2	80169	82254	81709	81974	80776	82337	79591	80291	79247	80560	80300	1.3268724584781899E-2	223439	222834	223127	223870	222280	222315	222409	222546	222437	222475	221905	2.5794900193588963E-3	567378	570808	567513	567977	570387	570734	569062	567361	570486	571231	570394	2.7321857626620072E-3	918067	920772	921309	918061	923409	923143	923544	921904	924775	923083	922515	2.3669069690901677E-3	1309790	1307060	1307507	1308036	1307233	1303494	1308409	1304726	1308387	1303636	1305602	1.5856283184931259E-3	3411964	3404159	3407526	3409021	3397357	3390389	3401715	3404821	3401772	3403853	3412438	



HMX	
0.78734177215189871	0.78734177215189871	0.78734177215189871	0.78734177215189871	0.78734177215189871	0.78734177215189871	0.78734177215189871	0.78734177215189871	0.78734177215189871	0.78734177215189871	0.78734177215189871	9.2683544303797447	9.2683544303797447	9.2683544303797447	9.2683544303797447	9.2683544303797447	9.2683544303797447	9.2683544303797447	9.2683544303797447	9.2683544303797447	9.2683544303797447	9.2683544303797447	17.518987341772149	17.518987341772149	17.518987341772149	17.518987341772149	17.518987341772149	17.518987341772149	17.518987341772149	17.518987341772149	17.518987341772149	17.518987341772149	17.518987341772149	46.556962025316452	46.556962025316452	46.556962025316452	46.556962025316452	46.556962025316452	46.556962025316452	46.556962025316452	46.556962025316452	46.556962025316452	46.556962025316452	46.556962025316452	73.202531645569607	73.202531645569607	73.202531645569607	73.202531645569607	73.202531645569607	73.202531645569607	73.202531645569607	73.202531645569607	73.202531645569607	73.202531645569607	73.202531645569607	99.493670886075961	99.493670886075961	99.493670886075961	99.493670886075961	99.493670886075961	99.493670886075961	99.493670886075961	99.493670886075961	99.493670886075961	99.493670886075961	99.493670886075961	233.79746835443038	233.79746835443038	233.79746835443038	233.79746835443038	233.79746835443038	233.79746835443038	233.79746835443038	233.79746835443038	233.79746835443038	233.79746835443038	233.79746835443038	8142	8210	8009	7601	8022	8343	9850	7790	8120	8031	8336	7.0795432007437181E-2	80832	82174	80039	79152	79469	81275	79946	79111	79041	80150	79954	1.2273203451698403E-2	191770	189341	189703	189483	188190	185724	186786	186653	184030	184978	188320	1.2353515224154071E-2	468414	467833	462245	459365	456573	455428	453159	450736	447748	445630	447818	1.7317973475518778E-2	767423	765745	761801	755943	754419	747131	747164	740984	741031	725667	727976	1.8800151948976558E-2	983874	1012549	1005147	1002196	997685	992553	988286	983046	975270	977306	965356	1.4373464849216023E-2	2441289	2459767	2429088	2415531	2394925	2365168	2353511	2359688	2332151	2361480	2320337	



DEGDN	
0.52405063291139231	0.52405063291139231	0.52405063291139231	0.52405063291139231	0.52405063291139231	0.52405063291139231	0.52405063291139231	0.52405063291139231	0.52405063291139231	0.52405063291139231	0.52405063291139231	7.6202531645569618	7.6202531645569618	7.6202531645569618	7.6202531645569618	7.6202531645569618	7.6202531645569618	7.6202531645569618	7.6202531645569618	7.6202531645569618	7.6202531645569618	7.6202531645569618	23.72911392405063	23.72911392405063	23.72911392405063	23.72911392405063	23.72911392405063	23.72911392405063	23.72911392405063	23.72911392405063	23.72911392405063	23.72911392405063	23.72911392405063	44.746835443037973	44.746835443037973	44.746835443037973	44.746835443037973	44.746835443037973	44.746835443037973	44.746835443037973	44.746835443037973	44.746835443037973	44.746835443037973	44.746835443037973	70.050632911392412	70.050632911392412	70.050632911392412	70.050632911392412	70.050632911392412	70.050632911392412	70.050632911392412	70.050632911392412	70.050632911392412	70.050632911392412	70.050632911392412	99.215189873417728	99.215189873417728	99.215189873417728	99.215189873417728	99.215189873417728	99.215189873417728	99.215189873417728	99.215189873417728	99.215189873417728	99.215189873417728	99.215189873417728	232.68354430379748	232.68354430379748	232.68354430379748	232.68354430379748	232.68354430379748	232.68354430379748	232.68354430379748	232.68354430379748	232.68354430379748	232.68354430379748	232.68354430379748	3266	3131	3348	2718	3236	2989	2808	3367	3127	3339	3205	6.9426154056368039E-2	31944	31877	30588	31767	31763	31965	31018	30601	31167	31076	31801	1.7054055489515964E-2	85455	84422	83798	83784	83109	83012	83023	83489	81718	82212	83997	1.2290317147269096E-2	193946	192779	191605	190709	188733	189230	188929	186738	186366	183113	185213	1.7513219418509841E-2	332996	329435	328383	326191	325219	322226	322103	320740	320377	312260	314205	1.9362506420826788E-2	456182	469604	465395	463491	464439	459630	458960	456811	452509	454835	447500	1.3914138291874149E-2	1112101	1120933	1106279	1100227	1090435	1076602	1072841	1077411	1062304	1076267	1058315	



NG	
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