


1. Abstract

A visit to the Defence Academy at Shrivenham was organised to make use of the Laboratory at the University of Cranfield. Whilst there, the facilities were used to recrystallise Methyl Benzoate into Methyl-3 Nitrobenzoate and Guanidine Nitrate into Nitroguanidine. Two experiments were conducted to show the importance of Electrophilic Aromatic Substitution and the role of Reagents in the Manufacturing process.
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1. Introduction

Methyl Benzoate (C8H8O2) is an organic Ester commonly used as in ingredient in Pesticides  and Anti-Corrosion Inhibitors [1]. When combined with Acids: Nitric Acid (HNO3) and Sulphuric Acid (H2SO4) in this case, the solution undergoes Electrophilic Aromatic Substitution. This is where the Nitric and Sulphuric Acid Pronate (becomes positively charged) into a Neutronium Atom (NO2+) [2] and Water (H2O). Neutronium, being a Positive Ion, is known as an Electrophile. Benzene Rings, of which Methyl Benzoate has, readily accepts Electron-dense Electrophiles at the cost of eliminating one of its own Hydrogen Atoms. 

When presented formulaically, this process takes the following form: 

C8H8O2 + HNO3 + H2SO4 → C8H7NO4 + H20

This addition of Neutronium into a molecule is known as Nitration, the resulting compound created by this reaction is Methyl-3 Nitrobenzoate (C8H7NO4), a Nitroaromatic used in the production of Explosives and Antibiotics [3]. This same process is also used in the manufacture of other Energetic Materials; if Toluene (C6H5CH3) was used as a “base” material with the same Acids used, the resulting reaction would take the form presented below and result in the production of Trinitrotoluene, or TNT.

C6H5CH3 + HNO3 + H2SO4 → C7H5N3O6 + H20
Nitroguanidine (CH4N4O2) on the other hand is a key component in Triple Base Gun Propellants, which show a lower combustion temperature, lower muzzle flash and decrease Barrel Erosion, all while preserving ideal Chamber Pressure. As such, Triple Base Propellants are often used in large-calibre applications, such 155mm and 105mm Artillery Systems. 

Nitroguanidine is created through a process called N-Nitration, where a Nitro Group (-NO2) is exchanged for a Hydrogen Atom within a compound [4], much like the previously mentioned Electrophilic Aromatic Substitution. The key difference is where a Neutronium Atom is Positive, a Nitro Group is Negatively Charged. The resulting compound is known as a Nitramine. 

In this case, Guanidine Nitrate (CH6N4O3) is mixed with Water and Sulphuric Acid to convert into Nitroguanidine. Unlike the previous Experiment, adding Nitric Acid is unnecessary as Guanidine Nitrate already contains Nitric Acid and no other Reagents are used. When presented as a Formula, this reaction takes the following form: 

CH6N4O3 + H2SO4 + H20 → CH4N4O2 + 2H2O

Reagents are used to trigger reactions in both experiments, which for these Experiments would be the Acids. If there were no Acids, there would be no reaction and therefore no Energetic Material. They differ from Solvents and Catalysts as Solvents are typically used to dissolve substances without affecting the overall Reaction and Catalysts exist to speed up the Rate of Reaction but are not consumed in the process. [5]

1. Experiment Conditions

For the Methyl Benzoate Experiment, the following steps were taken: 2.703g of Methyl Benzoate was placed into a Flask, 5ml of Sulphuric Acid was added and was placed on ice. 2ml of both Sulphuric Acid and Nitric Acid were then added to a separate flask and also placed on ice. When both mixtures reach 5 Celsius, the Acid mixture can be added to the Methyl mixture slowly. When all of the mixtures are combined, the Methyl mixture can be set aside to rise to room temperature. Once equalised, the Methyl mixture can be poured over ice into a beaker until the ice melts and Methyl-3 Nitrobenzoate is formed. 

The Nitrobenzoate can then be vacuum filtered and washed. The Nitrobenzoate is then dissolved in a beaker by gradually adding 50 Celsius Ethanol, once all the Nitrobenzoate has dissolved, the beaker can be brought to room temperature then transferred onto ice. The cooling process allows pure crystals of Methyl-3 Nitrobenzoate to form. The crystals can then be vacuum filtered and transferred to a sample bottle to be dried which allows the amount of product made to be calculated.

For the Guanidine Nitrate Experiment, 5ml of Sulphuric Acid was placed into a beaker and placed on ice. When the Acid reaches 5 Celsius, 4 Grams of Guanidine Nitrate is to be gradually added to the Acid while being constantly stirred. When all of the Guanidine has been added, the mixture should be left to cool then poured into a separate beaker that has been partially filled with ice. 

The Guanidine mixture should then be poured between the two containers to allow crude Nitroguanidine to precipitate, once fully formed, the immature product can then be washed and vacuum filtered. The crude product was then transferred to a clean beaker and dissolved in hot water over a steam bath. Once liquid, the beaker was then held at room temperature before being placed on ice. Pure crystals of Nitroguanidine form as the solution cools, when the crystals are fully formed, they can be vacuum filtered and washed. The mature Nitroguanidine can then be transferred to a sample bottle to be dried which allows the amount of product made to be calculated.

1. Experiment Results

Prior to carrying out these experiments, it was hypothesised that both samples of Nitroguanidine and Methyl-3 would be of low quality because of inexperience of the operator, potentially low quality of supplied Chemicals and the facilities being incomparable to industrial-grade equipment. 

The Methyl-3 Experiment proved that assertion correct as far too much Ethanol was added during the Dissolution stage and the solution was far too liquid. To rectify this, the solution was kept on heat to allow the Ethanol to “reduce” before cooling. The result of this was a very poor sample of Methyl-3; there was little to no evidence of Crystallisation and finished sample was amorphous and dull. In future, yield may be improved by using an appropriate amount of Ethanol and keep the rate of cooling as slow as possible. 

By contrast, the Nitroguanidine sample was, even visually, to be of a much higher quality. The operator was cognisant of the previous error and was careful to add the minimum amount of hot water during the dissolving phase, cooling was performed far slower too. The result was a far improved product; the crystals were shiny and fully formed, which goes to show the importance of slow cooling during the Recrystallisation process and the impact it has on overall quality. As visually impressive as the sample was, it could never be completely pure as the provided Guanidine Nitrate was only 93% pure and even if everything had proceeded perfectly, the finished sample could never exceed 93%. This goes to show how important quality of “ingredients” are when synthesising chemicals as a higher [image: ]starting purity will give then finished product the best possible chance to be pure. 
Figure 1 – Finished Sample of Nitroguanidine

This also shows the importance of both products remaining cold in both Mixing and Recrystallisation phases; Mixing is highly exothermic and it was noticed that the temperature sharply rose every time an Acid was added. Keeping the temperature low prevents the quality of the Samples from being compromised during this phase, it keeps the Rate of Reaction at a manageable pace and prevents “runaway”; where the product becomes so hot that no amount of cooling will stop the temperature rising and ultimately, autocatalytically reacting.

Cooling also assists during Recrystallisation as impurities are forced out of the finished product as the crystals are formed, slow cooling allows for more time for these undesirable substances to be ejected, which can then be easily disposed of. [6]. Ultimately, slower cooling allows for crystals of a much higher purity to be achieved. 

1. Analysis of Results

With the Experiments completed and the final Masses of all the Samples obtained later from Cranfield staff, the yields of both substances and their purities can be calculated. As the Molecular Weight (MW) of C=12, O=16, H=1 and N=14. For the Methyl Benzoate (C8H8O2), the MW is calculated by: 

(12 x 8) + (1 x 8) + (16 x 2)  = 136

And Methyl-3 (C8H7NO4) is calculated in the same fashion: 

(12 x 8) + (1 x 7) + (14 x 1) + (16 x 4)  = 181
This means the following results can be obtained:

	Mass of Sample Bottle
	8.487g

	Mass of Sample Bottle & Sample
	10.782g

	Mass of Methyl Benzoate
	2.703g

	MW of Methyl Benzoate
	136

	MW of Methyl-3
	181

	Theoretical Yield
	3.597g

	Actual Yield
	10.782 – 8.487 = 2.295g

	Percentage Yield (Purity)
	63.8%



To calculate Theoretical Yield, this equation must be used: 







To find the Percentage Yield, another equation is to be used: 







As the calculations show, the Percentage Yield of the Methyl-3 is only 63.8%, but this was hardly surprising as the operator knew that this sample was of low quality due to the observed characteristics and the Hypothesis Para iv. 

For the Nitroguanidine (CH4N4O2) and Guanidine Nitrate (CH6N4O3) Samples, the same methodology can be used: 

Nitroguanidine: (12 x 1) + (1 x 4) + (14 x 4) + (16 x 2) = 104

Guanidine Nitrate: (12 x 1) + (1 x 6) + (14 x 4) + (16 x 3) = 122




	Mass of Sample Bottle
	90.919g

	Mass of Sample Bottle & Sample
	93.252

	Mass of Guanidine Nitrate
	4g

	MW of Guanidine Nitrate
	122

	MW of Nitroguanidine
	104

	Theoretical Yield
	4.692g

	Actual Yield
	93.252 – 90.919 = 2.333g

	Percentage Yield (purity)
	68.412%










To find the Percentage Yield, another equation is to be used: 







As the calculations show, the Percentage Yield of the Nitroguanidine is only 68.412%. This is somewhat surprising as given the appearance of the Sample, a much higher percentage of purity was expected. This leads the author to form two hypotheses: first being that a difference of purity of ~5% is more impactful in “real terms” than expected. Second, given the overall quality of the starting Guanidine Nitrate outlined in Para iv, a finished lower quality was expected but it was not expected that the impact would be so severe, this outlines the importance of the earlier statement: lower starting ingredients will result in a lower overall quality. 

1. Conclusions

These two Experiments have successfully outlined why Recrystallisation matters for OME; poorly formed crystals result in an overall poor quality final product that deployed servicemen rely on, which in a high-stress environment, may mean the difference between life and death if Energetics malfunction or fail at a critical time. Well-formed crystals result in a more reliable product and the ability for the Armed Forces to carry out it’s role effectively. 

However, crystals alone do not guarantee a quality product. In the case of Nitroguanidine, it must be ground into a fine powder before it may be used as Propellant; this is done to reduce individual particles to a specified size. In practice, this ensures a specific burn rate which allows for each Shell to perform identically to the last, ensuring Precision. It also lowers inter-granular friction by removing each crystal’s sharp edges, thus preventing the risk of autocatalytic initiation under Friction [7].
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