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[bookmark: _Toc212150345]1.0	Introduction
	This report explores the fundamental concepts behind Fourier Transform Infrared Spectroscopy (FTIR) and how this technique may be used to identify organic species within an Ordinance Munitions and Explosives (OME) environment.
Infra-Red (IR) light forms part of the electromagnetic spectrum and covers a range of wavelengths. These wavelengths can be correlated to a wave number which is directly proportional to the wave’s energy. For Mid-IR this ranges from 450 to 4500 cm-1 [1] .
When this IR radiation interacts with an organic molecule this energy may be absorbed in the form of molecular vibrations. This occurs when three conditions are met [2]:
· The energy if the IR radiation exactly matches the energy of the molecular vibration (resonance).
· The dipole of the molecule is altered by this vibration.
· The direction of change of the IR’s electromagnetic field is parallel to the direction of change in the dipole
Molecular vibration occurs via two fundamental mechanisms, stretching and bending. There are however six potential vibration modes as shown in Figure 1. 
[image: The different kind of vibrations in IR spectroscopy. symmetric stretch, antisymmeric stretch, deformation or bending, rocking, out of plane wagging, and twisting.]
[bookmark: _Ref212148321][bookmark: _Ref212148317][bookmark: _Toc212150359]Figure 1 - Vibration mechanisms in infrared spectroscopy [3]
Stretching often occurs at higher energies, above 1500 cm-1, whereas bending occurs bellow this wavenumber [2].
The wavenumber at which molecular vibration occurs is uniquely dependant on the atoms present in the bond and its conditions. This meant that by analysing the wavelengths that are absorbed chemists can identify the functional groups present within a molecule [1].
As absorption peaks are dependant on every bond the more complex the molecule the more complex the spectra. This effect is exacerbated bellow 1500 cm-1 where peaks are generated by the vibrations of the entire molecule. This, however, makes this region of the spectra unique for every molecule enabling it to be used to exactly identify the material being studies [2].
In an FT-IR Spectrometer an internal reflection element made of materials such as diamond, germanium etc focus an IR source such that it just passes through the material samples with micrometres of penetration. This then allows the IR spectra to be red enabling material identification. This is shown in Figure 2.
[image: A diagram of a wave detector
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[bookmark: _Ref212148421][bookmark: _Toc212150360]Figure 2 - Visual abstraction of the IR radiations path through a sample in FT-IR Spectroscopy [1]
Within the OME industry FT-IR has found applications in almost all stages of the product lifecycle. It has been applied to process monitoring during complex synthesis procedures, decomposition product identification during aging trials and even post blast forensic analyse for humanitarian and criminal work. Its speed, sample efficiency and accuracy also mean it can be deployed in a range of environments and is a critical tools in an energetic chemist’s toolset. 
The remainder of this report outlines the equipment needed to run FT-IR analysis, a detailed methodology on how to perform testing, real world case studies for the OME industry and finally a commentary on the technical challenges FT-IR presents.
[bookmark: _Toc212150346]2.0	Equipment Requirements 
Before beginning any testing ensure all the materials listed bellow are present and is serviceable condition.
[bookmark: _Toc212150347]2.1 Personal Protective Equipment
· Lab Coat
· 100% Cotton for ESD sensitive samples
· Flame resistant for flammable or potentially explosive samples
· Chemical resistant for corrosive or toxic samples
· Safety Glasses / Goggles / Visor (EN166 Specification)
· Nitrile Gloves (EN374 Specification)
[bookmark: _Toc212150348]2.2 Testing Equipment
1. Perkin Elmer Spectrum Two FT-IR Spectrometer
2. Synthetic Diamond ATR Crystal
3. Perkin Elmer UART Two Analysis Software
[bookmark: _Toc212150349]2.3 Consumables
· Disposable Diamond Shape Weighing Boats (Sample Storage)
· Plastic / Metal Spatula
· Lint Free Paper Towel
· Isopropyl Alcohol (IPA) Cleaning Solvent
[bookmark: _Toc212150350]3.0	Methodology 
1. Ensure all the materials listed in section 2.0 are present and in good condition.
2. Ensure that the Perkin Elmer Spectrum Two FT-IR Spectrometer is within its required calibration date.
4. Ensure that the Synthetic Diamond ATR Crystal and Perkin Elmer UART Two Analysis Software are installed correctly as per the manufacturer’s instructions. 
3.  Turn on all equipment and leave to initialise. 
4. Before beginning practical work don all PPE.
5. Set up the FT-IR Spectrometer, within the software, to perform a spectral scan in the range of 4000 – 450 cm-1, with a resolution of 4 cm-1, Ap set to Strong and 15 Scans to be performed per run.
6. Undo the torque fixture and remove the foot.
7. Clean both the foot, the anvil and the crystal using lint free paper towel and IPA. Ensure the IPA has evaporated away before continuing.
8. Re-fit the foot to the torque fixture.
9. Screw down the torque fixture into place on top of the crystal. Continue screwing until the torque fixture clicks ensuring the correct clamping force is applied.
10. Run a background scan utilising the settings set in step 5.
11. Using the Perkin Elmer UART Two Analysis Software check the background scan. This should provide a flat baseline with no significant peaks. If peaks are present contamination has occurred. Repeat steps 6 – 10 until a clean background trace is achieved.
12. Repeat steps 6 – 8.
13. Using a spatula transfer a portion of the sample material from the weighing boat onto the anvil on top of the crystal. Ensure the crystal is sufficiently covered and the spatula does not scratch or contaminate the crystal surface.
14. Secure the torque fixture as in step 9.
15. Run scans of the sample utilising the settings set in step 5.
16. Once a spectra is produced use the UART Two Analysis Software to analyse the results. Do not apply ATR correction or baseline correction. These are not required due to the clean baseline previously achieved. Do not apply smoothing as this is done naturally through the 15 scans performed.
17. Run a library search to assist in identifying the sample identity. If the provided confidence value is bellowing 75% re-peat this process to ensure an error has not occurred. Equally if the provided spectra are broken, corrupted or distorted also repeat this process.
18. If the resultant spectra are acceptable save the results to the PC’s desktop both as a .csv file and as an annotated PDF. These should follow the naming convention:
·   YYYYMMDDHHMM-Sample_ID-Operator_Name.csv / pdf
19. The foot, anvil and crystal should then be cleaned in line with steps 6 – 8.
20. All waste generated during this process should be disposed of through approved waste management routes. For non-energetic, non-hazardous samples this should be the general waste route.
21. Repeat this process from steps 6 through to 20 for all further samples. This ensures a clean background trace is achieved reduced contamination and ensure consistent high-quality results.
22. Collected spectra may later be analysed using library search or peak analysis to identify the species present.
[bookmark: _Toc212150351]4.0	Example Results
[bookmark: _Hlk211961138]To demonstrate how FT-IR may be utilised within an OME environment four compounds have been analysed in a blind trial with the recorded FT-IR traces used to attribute them to a sample designation. These compounds are given in Table 1 alongside their applicability to the OME sector.
[bookmark: _Ref212148536][bookmark: _Toc212150369]Table 1 - Compounds explored as energetic material analogues. (Structures sourced from [4])
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	Guanidine
	Acetaminophen
	Ascorbic Acid
	Methyl 3-Nitrobenzoate

	[bookmark: _Hlk211961143]Models Nitrogen-rich ionic species, Precursor in Nitroguanidine synthesis. [5]
	[bookmark: _Hlk211961149]Models the Amide-Phenol structure common in propellant stabilisers such as pNMA and 2NDPA. [6]
	[bookmark: _Hlk211961174]Models a highly oxidised species like those produced upon degradation during aging studies of energetic materials. [7]
	[bookmark: _Hlk211961178]Models Nitro-Aromatic compounds common in energetic materials such as TNT, Tetryl and HNB. [8]



[bookmark: _Toc212150352]4.1 Sample A 
[image: ]
[bookmark: _Ref212149550][bookmark: _Toc212150361]Figure 3 - Labelled FT-IT spectra for Sample A
[bookmark: _Ref212149565][bookmark: _Toc212150370]Table 2 - Peak attribution table for Sample A
	Recorded Wavelength (cm-1),
 Peak Intensity, 
Peak Shape
	Expected Wavelength (cm-1), 
Peak Intensity, 
Peak Shape [9]
	Absorption Mechanism [9]
	Attributed Functionality [9]

	1752.59
0.05 A
	1750 – 1735
Strong Intensity
	Stretching
	C = O
δ-lactone

	1653.13
0.12 A
	1650 – 1566
Medium Intensity
	Stretching
	C = C
Cyclic Alkene

	1111.20
0.20 A
	1210 – 1163
Strong Intensity
	Stretching
	C-O
Ester

	2981.40
0.06 A
	3200 – 2700
Weak Intensity
Broad Peak
	Stretching
	O – H
Alcohol
Intramolecular Bonded

	1312.99
0.13 A
	1420 – 1330
Medium Intensity
	Bending
	O – H
Alcohol



The FT-IR spectra in Figure 3 alongside the peak analysis shown in Table 2 suggest that this the analysed molecule contains the ester functional group (C=O & C-O Peaks) but that this forms part of a δ-lactone ring (C=C Cyclic Alkene Peak).  Furthermore, the presence of broad weak intensity O-H stretching and medium intensity O-H bending peaks suggest poly hydroxy functionality. Hence, when considered together Sample A can be identified as Ascorbic Acid.
This identification is confirmed via comparison to the reference spectra shown in Figure 4 which shows peak locations and overall shape.
[image: A graph of a scientific experiment
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[bookmark: _Ref212149834][bookmark: _Ref212149830][bookmark: _Toc212150362]Figure 4 - Reference Spectra for Ascorbic Acid  [10]


[bookmark: _Toc212150353]4.2 Sample B 
[image: ]
[bookmark: _Ref212150001][bookmark: _Toc212150363]Figure 5 - Labelled FT-IR spectra for Sample B
[bookmark: _Toc212150371]Table 3 - Peak attribution table for Sample B
	Recorded Wavelength (cm-1),
 Peak Intensity, 
Peak Shape
	Expected Wavelength (cm-1), 
Peak Intensity, 
Peak Shape [9]
	Absorption Mechanism [9]
	Attributed Functionality [9]

	3326.52
0.19 A
	3500 – 3400,
Medium Intensity
	Stretching
	N – H
Primary Amine

	1661.32
0.30 A
	1650 - 1580,
Medium Intensity
	Bending
	N – H
Primary Amine

	1210.64
0.18 A
	1250-1200,
Medium Intensity
	Stretching
	 C – N 
Amine

	1661.32
0.30 A
	1690-1640
Medium Intensity
	Stretching
	C = N
Imine



Sample B produces a far simpler FT-IR spectra, Figure 5, suggesting fewer more similar bond types. The clear presence of peaks linked to both stretching and bending of primary amine groups (N-H) alongside an Imine peak (C=N) clearly identifies the sample as a Guanidine Salt. 
Comparison to the reference spectra in Figure 6 confirms this identification and, due to the similarity of the spectra, suggests that this may be narrowed down further to Guanidine Nitrate.
[image: A graph paper with numbers and text
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[bookmark: _Ref212150066][bookmark: _Toc212150364]Figure 6 - Reference Spectra for Guanidine Nitrate [10]


[bookmark: _Toc212150354]4.3 Sample C – Methyl 3-Nitrobenzoate
[image: ]
[bookmark: _Ref212150143][bookmark: _Toc212150365]Figure 7 - Labelled FT-IR spectra for Sample C
[bookmark: _Toc212150372]Table 4 - Peak attribution table for Sample C
	Recorded Wavelength (cm-1),
 Peak Intensity, 
Peak Shape
	Expected Wavelength (cm-1), 
Peak Intensity, 
Peak Shape [9]
	Absorption Mechanism [9]
	Attributed Functionality [9]

	1787.58
0.04 A
	1770 – 1780
Strong Intensity
	Stretching
	C = O
Phenol Ester

	1267.71
0.52 A
	1310 -1250
Strong Intensity
	Stretching
	C – O
Aromatic Ester

	1349.35
0.57 A
	1342 - 1266
	Stretching
	C – N
Aromatic Amine

	1526.05
0.44 A
&
1290.08
0.43 A
	1550 – 1500
&
1372 – 1290
Strong Intensity
	Stretching
	N – O
Nitro Compound

	879.72 (0.2 A)
779.28 (0.31 A)
717.63 (0.83 A)

	880 +- 20
780 +- 20
700+-20
Strong Intensity
	Bending
	C – H 
1 – 3 Di-Substituted Phenyl



The spectra shown in Figure 7 shows little absorbance above 2000 cm-1 suggesting a lack of O-H functional groups.  Peaks indicative of an ester functional group (C=O & C-O) are however, clearly shown with their specific wavelengths suggesting the group is attached to a benzene ring. Clear peaks also suggest the presence of nitro groups (N-O) also attached to this ring. Careful analysis of the fingerprint region shows specific intense peaks at the wavelengths attributed to a 1 – 3 Di-Substituted Phenyl confirming the structure to be Methyl 3-Nitrobenzoate.
Sample C shows the greatest discrepancy between the recoded and reference spectra, Figure X, with peaks in the region of 2500 – 3200 being significantly supressed. This suggests poor purity in the material sample or contamination during the testing. 

[image: A graph of a graph of a person

AI-generated content may be incorrect.]
[bookmark: _Toc212150366]Figure 8 - Reference Spectra for Methyl 3-Nitrobenzoate [10]



[bookmark: _Toc212150355]4.4 Sample D 
[image: ]
[bookmark: _Ref212150246][bookmark: _Toc212150367]Figure 9 - Labelled FT-IR spectra for Sample D
[bookmark: _Toc212150373]Table 5 - Peak attribution table for Sample D
	Recorded Wavelength (cm-1),
 Peak Intensity, 
Peak Shape
	Expected Wavelength (cm-1), 
Peak Intensity, 
Peak Shape [9]
	Absorption Mechanism [9]
	Attributed Functionality [9]

	3159.81
0.05 A
	3200 – 2700
Weak Intensity
Broad Peak
	Stretching
	O – H 
Alcohol
Intramolecular Bonds

	1370.59
0.10 A
	1390 – 1310
Medium Intensity
	Bending
	O – H
Phenol

	1107.92
0.05 A
	1124 – 1087
Strong Intensity
	Stretching
	C – O
Secondary Alcohol

	1327.32
0.09 A
	1342 – 1266
Strong Peak
	Stretching
	C – N
Aromatic Amine

	3323.08
0.04 A
	3350 – 3310
Medium Intensity
	Stretching
	N – H
Secondary Amine

	1651.68
0.14A
	1680
1640 (Free)
Strong Intensity
	Stretching
	C=O
Secondary Amide

	807.44
0.15 A
	810 +- 20
Strong Intensity
	Bending
	C – H
1 – 4 Di-Substituted Phenyl



The spectra for Sample D, shown in Figure 9, clearly shows the presence of a secondary alcohol O-H functional group. Through analysing the peak attributed to the bending of this O-H bond it can be identified that this is a Phenol hence highlighting the presence of a benzene ring. There is also a clear peak for a secondary amine (C – N & N-H) bond suggesting a nitrogen is also bonded to this ring. The C=O peak is strong and situated at around 1640 cm-1. This strongly suggests the presence of a secondary amide meaning the nitrogen must be bonded a C=O and that to a methyl group. Finally careful analysis of the fingerprint region shown characteristic peaks of a 1 – 4 Di-Substituted Phenyl confirming the functional group position and the identification of Sample D as Acetaminophen.
This positive identification can again be confirmed through comparison to the reference spectra shown in Figure X.

[image: A graph of a graph of a graph
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[bookmark: _Toc212150368]Figure 10 - Reference Spectra for Acetaminophen [10]


[bookmark: _Toc212150356]5.0	Technical Considerations
	As can be seen from the peak analysis conducted in Section 4 the analysis of FT-IR spectra can become extremely complicated with a significant number of similar and overlapping peaks being present for any complex molecule. This makes the analysis of every peak an impossible task. As such, the identification of molecules via FT-IR often relies on comparing spectra or peak locations to a known candidate molecule or molecule family [1]. Because of this FT-IR can be challenging to utilise when the substance is a complete unknown or an uncharacterised material. 
Further adding to this challenge is the shifts in peak location and intensity caused by the sample preparation and analysis methods. Factors such as sample purity, contamination, crystal interface contact and clamping force can all cause the spectral intensity and peaks to shift adding further difficulty to the spectral analysis [2]. 
Fortunately, modern instruments often come equipped with FT-IR reference libraries such as reference [10]. This enables the instrument to automatically compare the resultant spectra to known results and give a probable match with an attributed confidence. This greatly improves the ease of analysis.
It is important to remember however, that due to the numerous factors which may affect FT-IR results good sample handling and lab practices will always be key to ensuring high quality results and no matter how good computational aids become chemists will always require the skills and intuition to read FT-IR results to ensure positive identification of compounds. 
[bookmark: _Toc212150357]6.0	Conclusions
To conclude this report has introduced the analytical technique of FT-IR. The interaction between IR waves and molecular bonds has been explored and the principle behind functional group identification discussed. A detailed equipment list and method statement have been developed and presented to enable chemists to run basic FT-IR tests. Four example materials have been analysed to provide insight into the technique’s application in the OME lifecycle. These samples were identified as:
· Sample A = Ascorbic Acid
· Sample B = Guanidine Nitrate
· Sample C = Methyl 3-Nitrobenzoate
· Sample D = Acetaminophen
Finaly the factors effecting the obtained FT-IR spectra were discussed alongside modern computational aids to ease sample identification.
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