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1. Aim of the Experiment
Students were presented with the scenario that four reference powders had been recovered from a small materials testing facility following a site inspection. They were reportedly being used in the evaluation of new energetic formulations. These powders were labelled as:
A. Guanidine
B. Acetaminophen
C. Ascorbic Acid (Vitamin C Powder)
D. Methyl-3-nitrobenzoate
The materials recovered are common chemicals, however each contains functional group frequently encountered within energetic compounds. As such, confirmation of the substances’ identities and functionality was required.
Therefore, the aim of the experiment was to determine the identity and functional groups of the four substances via usage of Fourier-Transform Infrared (FT-IR) Spectroscopy and analysis of the produced spectra.


2. Hypothesis
[image: ]The predicted outcome of this experiment is the identification and clarification of the four substances: Guanidine, Acetaminophen, Ascorbic Acid and Methyl-3-nitrobenzoate. These will be identified by characteristic peaks known to represent functional groups present within the substances. The expected peaks will be determined from the tables below.
Table. 1 – Characteristic IR Absorption peaks for common functional groups [1]
[image: ]Guanidine
Fig. 1 – A Guanidine Molecule [2]
	Characteristic Peak No.
	Feature
	Absorption Peak (cm-1)

	1
	C-N Double Bond
	1690-1640 (w-s)

	2
	N-H Single Bond
	3550-3060, 1640-1550 (m-s)

	3
	C-N Single Bond
	1250-1000 (m-s)


Table. 2 – Expected Characteristic IR Absorption peaks for Guanidine
[image: ]Acetaminophen
Fig. 2 – An Acetaminophen Molecule [3]
	Characteristic Peak No.
	Feature
	Absorption Peak

	1
	C-O Double Bond (Amide)
	1670-1640 (s)

	2
	C-C Double Bond (Aromantic)
	1600-1475 (w-m)

	3
	C-N Single Bond
	1250-1000 (m-s)


Table. 3 – Expected Characteristic IR Absorption peaks for Acetaminophen









Ascorbic Acid (Vitamin C Powder) 
[image: ]Fig. 3 – An Ascorbic Acid Molecule [4]
	Characteristic Peak No.
	Feature
	Absorption Peak

	1
	C-O Single Bond
	1300-1000 (s)

	2
	C-O Double Bond (Anhydride)
	1810, 1760 (s)

	3
	O-H Single Bond
	3500-3200 (m)


Table. 4 – Expected Characteristic IR Absorption peaks for Ascorbic Acid
Methyl-3-nitrobenzoate
[image: ]Fig. 4 – A Methyl-3-nitrobenzoate Molecule [5]
	Characteristic Peak No.
	Feature
	Absorption Peak

	1
	N-O Double Bond 
	1550, 1350 (s)

	2
	N-C Single Bond
	1250-1000 (m-s)

	3
	C-O Double Bond (Ester)
	1750-1730 (s)


Table. 4 – Expected Characteristic IR Absorption peaks for Methyl-3-nitrobenzoate






3. Theory of FT-IR Spectroscopy
Fourier-Transform Infrared (FT-IR) Spectroscopy is a technique that analyses the chemical content of materials by measuring how they absorb IR radiation. A sample of the substance is subjected to a beam of IR radiation, upon which the various bonds and structures within the molecules vibrate. Each type of bond present will vibrate in a different way, each determining individual frequences within the IR band which be absorbed by differing amounts. The spectrometer detects which frequencies have been absorbed and plots these on a spectrum, which serves as a unique signature of what is contained within the sample. [6]
There are three types of FT-IR sampling: Transmission, Reflectance and Attenuated Total reflectance (ATR):
Transmission is used for samples where IR radiation can be passed directly through the sample material. An IR source is positioned to one side of the sample, with the detector directly opposite, such that the beam passes from one to the other through the sample. The transmitted radiation is the analysed to determine which frequencies have been absorbed. The sample preparation is extremely time consuming and destroys the original sample, and as such it tends to be used for specific applications. [7]
Reflectance is primarily used for large or otherwise specialist samples that cannot be prepared in the usual manner (e.g. if they are on a fixed surface). It works by directing the beam of IR radiation externally at a sample and then measuring the beam reflected back to the machine from the sample. [7]
ATR is extremely popular due to its versatility with a wide variety of different sample types and its non-destructive nature. The IR radiation passes through a Internal Reflection Element (IRE) crystal, which can either be organic (e.g. Diamond) or synthetic (e.g. Zinc Selenide). This sample is placed in contact with the crystal and the IR beam passes through the crystal and interacts with the sample at the crystal/sample boundary. The radiation reflected is then analysed to provide the IR spectra. [7]
It is important to note that each of these three methods will provide different raw absorption spectra due to their functional differences, however these will usually be corrected by the computer software provided with the equipment. [7]
FT-IR spectroscopy is widely used within the OME field. Due to its primarily qualitative nature, it is primarily used to determine which molecules are present within energetic substances, whether during novel formulation, verification of manufacturing quality or monitoring of degradation of substances in long-term storage.

4. Equipment and Chemicals
4.1. Equipment
· A suitable FT-IR Spectrometer.
· For this experiment, a PerkinElmer Spectrum Two Spectrometer fitted with a PerkinElmer UATR Two UATR module was used. The module had a Zinc Selenide (ZnSe) Crystal.
· A Computer with the correct software for the spectrometer, and a suitable reference library, installed.
· [image: ]For this experiment, a PC running the PerkinElmer Spectrum IR Software, utilising the internal library within the software.
Fig. 5 – PerkinElmer Spectrum Two UATR Combination with a computer running the PerkinElmer Spectrum IR Software [8]
· Nitrile Gloves (PPE)
· Safety Glasses/Goggles (PPE)
· “Blue Roll” Tissue or equivalent (For cleaning)
· Spatula (For sample handling)
· Weighing Boats (For sample sub-sampling if required)
· Suitable Waste Disposal
4.2. Chemicals
· 70% Isopropyl Alcohol (IPA) Solution (For cleaning)
· Chemical Samples to be tested. 


5. Procedure
(Note: This procedure specifically refers to the controls of the PerkinElmer Spectrum Two spectrometer and Spectrum IR Software. Steps with control interactions should be adapted as necessary if different machines and/or software or being used.)
IMPORTANT: Be aware of any hazards presented by samples being analysed. In this case, one of the samples (Ascorbic Acid) is an oxidiser.
5.1. Experimental Procedure
1. Wipe down and tidy work area and ensure all required equipment and materials are present.
2. Ensure that appropriate PPE (nitrile gloves and safety glasses) are being worn.
3. Remove any protective covers on the equipment.
4. Clean the foot, arm, sample platform and crystal of the spectrometer using IPA solution and allow to dry completely
5. Do background scan to assess whether further cleaning is required:
5.1. Lower foot onto crystal by rotating the knob until the ratchet clicks.
5.2. Press “Background” button within software and wait for scan to complete.
5.3. Compare generated spectra to known background spectra.
5.4. If excess peaks are present clean again and repeat until they are no longer present.
6. Select a sample and place it on the platform, ensuring the crystal is covered.
7. Swing the arm over the sample and lower foot onto crystal by rotating the knob until the ratchet clicks.
8. Press “Scan” button within software twice.
9. Evaluate generated spectra for issues. If present, consider repeating the process on the sample again.
10. Retract foot and arm and remove sample material.
11. Clean the foot, arm, sample platform and crystal of the spectrometer using IPA solution and allow to dry completely
12. Replace any protective covers on the equipment OR proceed to next sample.
5.2. Software/Spectrometer Settings:
Spectral Range
4000 – 450 cm-1. This is large enough to cover the range given in the task objectives (4000 – 650 cm-1)
Number of Scans (Sample): 
15. This is a statistically significant number in order to achieve a strong signature.
Number of Scans (Background): 
15. To be the same as the number of sample scans.
ATR Correction:
ATR correction was not applied as the machine used was static within the lab. If the spectrometer to be used has been recently moved, consider applying before sample analysis.
Baseline Correction:
Baseline correction was not applied as the identity of each sample was unknown and as such a standardised material could not be used as a comparison.
Smoothing:
Smoothing was not applied as the high number of scans (15) provides a sufficient smoothing effect.
Blank Data Collection:
A “blank” was not collected between each sample as the samples used were not suspended in any carrier substance.

6. Data and Results
Sample A
[image: ]Fig. 6 – Generated FT-IR Spectrum for Sample A with labelled peaks
[bookmark: _Hlk212813869]The conclusion reached was that Sample A was almost certainly the Ascorbic Acid (Vitamin C Powder), as all of the peaks predicted were present within the generated spectrum, to a reasonably high degree of accuracy (within 10%).
The software reference library concurred with this, indicating a confidence of 99.4% Ascorbic Acid.
Sample B
[image: ]Fig. 7 – Generated FT-IR Spectrum for Sample B with labelled peaks
The conclusion reached was that Sample B was almost certainly the Guanidine, as all of the peaks predicted were present within the generated spectrum, to a high degree of accuracy (within 5%). There were however several other peaks present, which concurred with the laboratory technician’s suggestion that it could be Guanidine Nitrate.
The software reference library concurred with this, indicating a confidence of 95.2% Guanidine Nitrate.





Sample C
[image: ]Fig. 8 – Generated FT-IR Spectrum for Sample C with labelled peaks
Sample C caused some consternation, as upon initial inspection the spectrum produced was not that expected. Upon discussion with the laboratory technician, it was revealed that this sample was left over from a previous production attempt, and therefore could actually be of poor quality. This was discussed at length, and with some further dissection it was concluded amongst the group that the primarily molecule present was probably Ethyl-4-Nitrobenzoate rather than Methyl-3-Nitrobenzoate, however with likely somewhat severe contamination.
The software reference library concurred somewhat, with 55.4% confidence that Ethyl-4-Nitrobenzoate was present, with only about 8% confidence Methyl-3-Nitrobenzoate was present.
[image: ]Sample D
Fig. 9 – Generated FT-IR Spectrum for Sample D with labelled peaks
The conclusion reached was that Sample D was almost certainly the Acetaminophen, as all of the peaks predicted were present within the generated spectrum, to a high degree of accuracy (within 5%).
The software reference library concurred with this, indicating a confidence of 99.2% Acetaminophen.


7. Conclusions
FT-IR is an extremely valuable technique within the modern chemistry laboratory, with the ATR variant in particular proving particularly easy to use and having several material benefits over its basic sample handling and non-destructive nature. All students within the group easily grasped the operation of the machine with no issues, which is definitely a clear benefit when working with potentially hazardous substance such as energetics.
Its qualitative nature, however, was also highlighted with the discrepancy in sample C, where, whilst it could determine that the sample probably wasn’t the expected Methyl-3-Nitrobenzoate, it couldn’t confirm what the sample was to a high degree of certainty. Like so many digital instruments, it is unfortunately subject to the restriction of only being as knowledgeable as the library within it, which in this case was only the manufacturer provided library. This could, of course, have been rectified if a person present has advanced skills in reading the produced spectra, unfortunately such a person was not present at the time.
That issue notwithstanding, it allowed the students to successfully complete the task aim of identification and confirmation of the three other substances, which were of the reference quality expected in the given scenario. All three were confirmed to be non-energetic and as such were suitable for ongoing storage/disposal without such considerations.
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