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1. Aim of the Experiment
As part of the Advanced Chemistry for OME module, students were tasked with synthesising small (<3 g) samples of Methyl-3-Nitrobenzoate (experiment 1) and Nitroguanidine (experiment 2) within the teaching laboratories at Cranfield University. This was intended to provide the students with a first-hand experience of Nitration, an extremely common chemical reaction within the energetics industry, as well as a further appreciation for the synthesis of energetic substances as a whole.
The synthesis of Methyl-3-Nitrobenzoate was undertaken as an example of electrophilic aromatic substitution (such as that seen in the nitration of TNT), whilst producing a non-energetic product which could be taken back for further analysis at UWTSD, which is not explosively licenced. By conducting nitration with a non-energetic substance first, it also allowed students who were not used to working in labs to gain confidence handling concentrated chemicals and glassware prior to conducting an energetic synthesis, in this case of Nitroguanidine.


2. Hypothesis
Both substances being synthesised (Methyl-3-Nitrobenzoate and Nitroguanidine) are known to naturally form a crystalline structure. As such, it is expected that both substances, upon the completion of the “active” nitration process (addition of the nitrating acid(s)), will being to form white crystals within the reaction vessel.
In the case of experiment 1, it is expected that the Methyl-3-Nitrobenzoate will form shorter crystals, which could appear granular, “fluffy” or powdery depending on the exact size produced and the recrystallisation process performed.
The theoretical/calculated yield of experiment 1 can be calculated using the following formula:


[bookmark: _Hlk217005298]Where Mr is the molecular weight. The experimental values are substituted into the equation as follows:

[bookmark: _Hlk217004022][bookmark: _Hlk217006089]Therefore, the theoretical yield of Methyl-3-Benzoate in experiment 1 is 3.628g (to 3d.p.)
For experiment 2, it is expected that Nitroguanidine will form long acicular crystals, which could appear as needles or even like hairs depending on the eventual crystal thickness.
The theoretical/calculated yield of experiment 2 can be calculated using the following formula:


Where Mr is the molecular weight. The experimental values are substituted into the equation as follows:


Therefore the theoretical yield of Nitroguanidine in experiment 2 is 3.410 (to 3d.p.)


3. Variables
For the case of the two small “manual” chemical synthesis experiments performed by the students, the variables could be interpreted as follows:
· INDEPENDENT – The characteristics and yield of the end product.
· DEPENDENT – The characteristics and quantity of the initial reactants.
· CONTROL – The conditions, processes and equipment used within the experiment.
As such, for the synthesis of Methyl-3-Nitrobenzoate, the independent variable is the purity and yield of the Methyl-3-Nitrobenzoate at the end of the reaction, the dependent variable is the concentration and quantity of Methyl Benzoate, Sulfuric acid and Nitric Acid; and the control variables are the reaction temperature, the reaction vessel size and the time taken to add the nitration mixture. 
For the synthesis of Nitroguanidine, the independent variable is the purity and yield of the Nitroguanidine at the end of the reaction, the dependent variable is the concentration and quantity of Guanidine Nitrate and Sulfuric acid; and the control variables are the reaction temperature, the reaction vessel size and the time taken to add the nitration mixture. 
For both reactions, the recrystallisation, washing and drying processes could also be classed as control variables. Whilst they in theory shouldn’t affect the chemical purity of the final product, they do play a significant part in ensuring the final product is “clean and dry” and thus have a significant effect on the final yield by mass calculation.
These variable definitions are dependent on the fact that the students were purely “measuring” the quality and yield of the final products within these experiments. Had the experiment instead been, for example, assessing how purity changes whilst the time taken for the nitration to be performed is varied, then that time would be a dependent variable.


4. Theory
Nitration is the general terms for a series of chemical reactions for introducing a “nitro group”    (-NO2) into an organic compound, thus creating an energetic substance due to the large amount of energy stores in the N-O bonds, the provision of oxygen balance and the stable, but large volume products of decomposition. [1]
4.1. Experiment 1 – Nitration of Methyl-3-Nitrobenzoate 
In experiment 1, the students will be undertaking nitration of Methyl Benzoate to form Methyl-3-nitrobenzoate, in this case adding a nitro group onto the benzene ring. This is an example of electrophilic substitution and is an almost identical reaction to that done in the nitration of toluene to form TNT. [2, 3]

During electrophilic substitution, a hydrogen atom on the electron-rich aromatic ring undergoes substitution with an electron-deficient ion known as an electrophile. In the case of nitration, this is a nitronium ion generated by the mixed acid (HNO3 and H2SO4) The electrophile is attracted to the ring, temporarily forming a complex, before the hydrogen atom is lost, restoring aromatic stability. [2, 4]

The reaction, like most nitrations, is exothermic, and as such the temperature needs to be kept low to prevent the reactants/products from decomposing during the reaction.

The equation and diagram for this reaction can be seen below:



[image: ]
Once the nitration is complete, the Methyl-3-Nitrobenzoate is required to be recrystallised in ethanol, rather than water. This is due to it being almost insoluble in water, and thus having a much greater solubility gradient with temperature in the ethanol, allowing the product to precipitate whilst impurities remain dissolved in the ethanol. [5]

4.1. Experiment 2 – Nitration of Nitroguanidine

In experiment 2, the students will be undertaking nitration of Guanidine Nitrate to form Nitroguanidine, an N-Nitro compound of the nitramines class, the same as RDX and HMX. [6, 7]

As can be seen in the diagram and equation below, during nitration (notably only requiring sulfuric acid as the nitrogen is already present in the nitrate), water is lost and the remaining nitronium electrophile bonds onto the nitrogen ion in place of the lost hydrogen atoms. [6, 8, 9]


[image: ]

This reaction, unsurprisingly, is also exothermic, and as such the temperature needs to be kept low to prevent the reactants/products from decomposing during the reaction. Since this is an energetic substance, thermal decomposition could lead to a thermal runaway event potentially resulting in an explosion.

The Nitroguanidine is soluble in water, and as such it is recrystallised using warm distilled water.




5. Equipment and Chemicals
5.1. Equipment
· 5, 10cm3 Measuring Cylinders with suitable resolution (0.1ml)
· [bookmark: _Hlk217001211]25, 50cm3 Conical Flasks
· 50, 100, 150 cm3 Beakers
· Buchner Funnel and Flask
· Glass Stirring Rods
· Thermometers with suitable resolution (1°C)
· Pasteur Pipettes
· Ice Bucket & Ice
· Suitable vials, lids and labelling equipment for the final product
· White Ceramic Tile
· Retort Stand, Clamp and Boss

· Mass Balance with suitable resolution (0.001g)
· Vacuum source (fitted or portable)
· Vacuum Dessicator
· Suitable fume cabinet for handling concentrated acids (ducted)
· Suitable Waste Disposal

· Neoprene Gloves – suitable for the handling of concentrated acids (PPE)
· Safety Glasses/Goggles (PPE)
· Lab Coat (PPE)
5.2. Chemicals
· Pure Methyl Benzoate
· Pure Guanidine Nitrate
· Concentrated (~70%) Nitric Acid
· Concentrated (~98%) Sulfuric Acid
· High Purity Ethanol
· Distilled Water

6. Experimental Procedure
It is important to note that the that the experiments were carried out in strict accordance with the lab script provided by Cranfield University and the instructions given by the teaching staff present in the lab during the experiments. Whilst the process steps are summarised below, for the conciseness of this report some detail has been omitted and therefore it is imperative that these documents are consulted prior to any attempt at replication of this experiment.
6.1. Experiment 1 – Nitration of Methyl-3-Nitrobenzoate
1. Add 2.7 grams of Methyl Benzoate to a 25cm3 conical flask.
2. Add 5cm3 of Concentrated Sulfuric Acid. Swil gently and cool the mixture in ice.
3. In a 5cm3 conical flask, create the nitrating mixture by combining 2cm3 of Conc. Sulfuric Acid and 2cm3 of Conc. Nitric Acid. Cool the mixture in ice.
4. When both flasks are at 5°C or below, slowly add the nitrating mixture drop by drop using a pipette, whilst stirring. Ensure that the temperature of the reaction mixture stays below 10°C.
5. Once all of the mixture has been added, allow to rest at room temperature for 15 minutes.
6. Place circa 25 grams of ice into 100cm3 beaker. Pour over the reaction mixture and stir until the ice has melted and crystals have formed.
7. Slowly pour the contents into a pre-dampened Buchner funnel under vacuum.
8. Once complete, wash the crude product with a small amount of Dist. Water.
9. Dry under vacuum.
10. Transfer the washed product into a 50cm3 beaker and add hot Ethanol at 50°C, stirring until the solid just dissolves.
11. Allow to cool to room temperature.
12. Place into an ice bath and allow crystals to form.
13. Once formed, slowly pour the contents into a new, pre-dampened with Ethanol, Buchner funnel under vacuum.
14. Dry under vacuum.
15. Weigh the final dried product and record the mass.
6.2. Experiment 2 – Nitration of Nitroguanidine
1. Cool 5cm3 of Concentrated Sulphuric Acid to below 5°C in a 50cm3 beaker.
2. Slowly add 4 grams of Guanidine Nitrate to the acid, stirring constantly and ensuring the temperature of the Mixture does not exceed 10°C.
3. Once complete, allow the mixture to stand for 2-3 minutes.
4. Pour the mixture into a 50cm3 beaker containing 30 cm3 of Distilled Water. Mix thoroughly.
5. Slowly pour the contents into a pre-dampened Buchner Funnel under vacuum
6. Once complete, wash the crude product with a small amount of Dist. Water.
7. [bookmark: _Hlk217003569]Transfer the washed product into a 150cm3 beaker and add hot Dist. Water, stirring until the solid just dissolves.
8. Allow to cool to room temperature.
9. Place into an ice bath and allow crystals to form.
10. Once formed, slowly pour the contents into a pre-dampened Buchner funnel under vacuum.
11. Once complete, wash the crude product with a small amount of Dist. Water.
12. Dry under vacuum.
13. Weigh the final dried product and record the mass.



7. Observations and Data
7.1. Experiment 1 – Nitration of Methyl-3-Nitrobenzoate
[bookmark: _Hlk217004309]Upon addition of the sulfuric acid to the Methyl Benzoate crystals, the solution produced was a yellow-brown colour. Upon nitration with the mixed acids, the colour in the mixture continued to develop, changing to a dark orange.
Upon addition into the ice, the orange solution turned a milky-white colour, from which off white crystals were formed. 
	Mass of Methyl Benzoate
	2.726

	Mass of labelled glass bottle
	8.547

	Mass of labelled glass bottle + dried sample
	10.147

	Mass of Methyl-3-Nitrobenzoate
	1.600


The sample produced during experiment 1 was dried only on the Buchner Funnel and weighed by the students in the time remaining within the experimental session. The final mass can be seen in the table below.



Table 1 – Recorded masses from experiment 1
This final dried sample was weighed and revealed that experiment 1 produced an actual experimental yield of 1.600 grams.
As calculated earlier within the experimental hypothesis, the calculated, theoretical yield of Methyl-3-Nitrobenzoate within experiment 1 was 3.628 grams. These two figures can then be used to calculate a percentage yield as shown below:







Therefore, experiment 1 had an experimental yield of 44.10%.

[bookmark: _Hlk217004915]7.2. Experiment 2 – Nitration of Nitroguanidine
The solution of Guanidine Nitrate and acids remained colourless throughout nitration. The crystals formed were long and hair-like, with an appearance similar to fibreglass.
The sample produced during experiment 2 was dried within a vacuum desiccator overnight and weighed by the Cranfield technicians the following morning. The final mass can be seen in the table below.
	Mass of labelled bottle
	83.854

	Mass of labelled glass bottle + dried NQ
	85.732

	Mass of NQ
	1.878




Table 2 – Recorded masses from experiment 2
This final dried sample was weighed and revealed that experiment 1 produced an actual experimental yield of 1.878 grams.
As calculated earlier within the experimental hypothesis, the calculated, theoretical yield of Nitroguanidine within experiment 2 was 3.410 grams. These two figures can then be used to calculate a percentage yield as shown below:







Therefore, experiment 2 had an experimental yield of 55.07%.


8. Results and Discussion
8.1. Experiment 1 – Nitration of Methyl-3-Nitrobenzoate
As seen in the previous sections, the final yield of Methyl-3-Nitrobenzoate was 1.600 grams, compared to a calculated theoretical yield of 3.628 grams, thus resulting in a percentage yield of 44.10%. Whilst this is by no means excellent, it is not unexpected for small, manual nitrations such as this. 

The comparatively low yield is likely mostly due to experimental errors, factors which could not be controlled by the students. This likely includes the exact concentration of the acids, which weren’t known (for example, the conc. Nitric Acid used was approx. 70%), the exact purity of the Methyl Benzoate and the temperature variations throughout the experiment. (Students tried to keep the reaction temperature within a window, rather than an exact optimum temperature to the sub-degree). The temperature of the ethanol was not controlled to a fine level, and this would likely have affected the amount of final product left following recrystallisation.

The yield could be improved primarily through scaling up the experiment, as this improves the consistency and efficiency of the reaction at a molecular level. It could also be improved through better control of the reaction and reagent temperatures, as well as the addition rate of the nitration mixture. For example, if these were controlled via an automated system, maintaining the temperature and adding automatically when appropriate, a far greater consistency throughout the entire reaction could be achieved.

The produced Methyl-3-Nitrobenzoate was in the form expected, namely small, short fine crystals. When wetted, these appeared almost as a fluffy mound of powder. Upon drying , their crystalline nature became more obvious, with an appearance that could be compared to caster sugar.

8.2. Experiment 2 – Nitration of Nitroguanidine
As seen in the previous sections, the final yield of Nitroguanidine was 1.878 grams, compared to a calculated theoretical yield of 3.410 grams, thus resulting in a percentage yield of 55.07%. This is notably more than 10% higher than the yield generated in experiment 1. Again, the relatively low final yield was not unexpected.

Similarly, this is most likely due to experimental errors. In the case of experiment 2, this would again include the exact concentration of the acids used, the exact purity of the Guanidine Nitrate and the temperature variations throughout the experiment. The temperature of the distilled water used during recrystallisation was not controlled, and this would likely have affected the amount of final product.

Again, the yield of experiment 2 could be improved primarily through scaling up the experiment, as this improves the consistency and efficiency of the reaction at a molecular level. It could also be improved through better control of the reaction and reagent temperatures, as well as the addition rate of the nitration acid.

The produced Nitroguanidine formed long, acicular, hair-like crystals as expected. 

Within energetics, Nitroguanidine is primarily used within triple-based propellants alongside Nitrocellulose and Nitroglycerine. The Nitroguanidine produced would not be suitable for use as the process has left it liable to acid contamination, reducing the purity. The long fibrous crystals are also liable to snapping, which can lead to intra-crystal friction and hot spots. As such, Nitroguanidine being used within energetics is milled to shorten the length of these crystals and reduce the sensitivity. This is, understandably, done with the Nitroguanidine in a wetted state to desensitise it whilst the crystals are broken down. The final product is dried once the milling is complete, leaving a powder of shorter crystals which are much more suitable for use.

9. Conclusions
The experiments undertaken at Cranfield introduced the students to the process of nitration and its importance within the synthesis of energetics. It also helped students to gain practical experience of working in a chemistry laboratory and utilising a range of lab equipment and chemicals.
The students now have firsthand experienced of aromatic electrophilic substitution (such as that used in the manufacture of TNT) and the formation of nitramines. This has been demonstrated alongside the limitations and realities of small, manual reactions, as illustrated by the somewhat low final percentage yields. This highlighted to the students the importance of control variables (in particular temperatures) within process design, as well as the benefit of production scaling, which would have to be balanced off against minimising explosive risks were they to be involved in designing an energetic synthesis process.
The experiments were an extremely valuable experience for the students and were greatly appreciated by all.
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