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1. [bookmark: _Toc219098076]Introduction
As part of a presentation comparing the properties of Ammonium Perchlorate/ Hydroxyl Terminated PolyButadiene (HTPB) and CL-20 (Hexanitrohexaazaisowurzitane)/ Glycidyl Azide Polymer (GAP) rocket propellants, the following research was conducted into the synthesis of each component to allow for a comparison to be made between the two compositions. 
2. [bookmark: _Toc219098077]Synthesis of AP
AP is an inorganic salt with the formula NH4ClO4. It is an oxidising agent as it contains the perchlorate anion, so performs the function of oxidiser in a rocket propellant. AP can be produced by one of two reactions, either the neutralisation between aqueous ammonia and perchloric acid [1], or Salt metathesis reaction (ion exchange) between ammonium chloride and sodium perchlorate [2]. Both reactions take advantage of ammonium perchlorates low solubility in water that causes it to precipitate out and drive the reaction forward.
NaClO4 + NH4Cl  ⇌ NaCl + NH4ClO4
HClO4 + NH3  ⇌ NH4ClO4
The sodium perchlorate itself can be produced through the electrochemical oxidation of aqueous sodium chloride, wherein the chloride ion is sequentially oxidised from chloride to perchlorate by hydroxyl free radicals [3]. 

[image: ]
[bookmark: _Toc219097974]Figure 1 - Half equations for the production of perchlorate [3]

3. [bookmark: _Toc219098078]Synthesis of HTPB
HTPB acts as a binder in rocket propellants, and also as a fuel as when it reacts with the AP. It is a polymer of 1,3-butadiene, produced through free-radical addition polymerisation [4] under increased temperature and pressure in an alcohol solvent with a hydrogen peroxide initiator [4]. At the reaction temperature of 100-150 oC the oxygen-oxygen peroxide bond in the hydrogen peroxide undergoes homolytic cleavage, resulting in the formation of two hydroxyl free radicals. The hydroxyl free-radicals react with the 1,3-butadiene breaking the double bond and forming a free radical with a hydroxyl group on the terminal carbon, hence hydroxyl terminated polybutadiene. 
[image: ]The produced free radical has the unpaired electron on carbon-2 and this can attack another butadiene molecule in one of two places, if it attacks the terminal carbon it results in 1,4-addition where the double bonds of both molecules lie along the backbone of the molecule [5]. When the terminal carbon is attacked the free radical first forms on carbon-2, however through resonance it is possible for the intact double bond to break and reform between carbon-2 and carbon-3, resulting in the product free radical having the unpaired electron on the terminal carbon [4]. 1,4-addition can produce either trans- or cis- products depending on the conformation of the intermediate when the double bond shifts.[bookmark: _Toc219097975]Figure 2 - HTPB addition initiation steps [5]

[image: ]If the original free-radical attacks the C-2 carbon then the free radical forms on the terminal carbon, without the intermediate. This produces a 1,2-addition product where the double bond of the attacking free-radical forms a branch off of the main carbon backbone [5].[bookmark: _Toc219097976]Figure 3 - HTPB propagation steps and 1,2- and 1,4- products [6] [5]




4. [bookmark: _Toc219098079]Synthesis of CL-20
CL-20 is a strained caged molecule that is produced through a 3-stage synthesis [7]. It is a powerful explosive due to its high amount of nitrogen and oxygen in the structure, in addition to the potential energy stored in the cage strain. However, in low proportions it can act as the oxidiser in a rocket composition.
[image: ]The first stage in the synthesis is the reaction between glyoxal and benzylamine that forms the cage through acid-catalysed condensation reactions. Firstly an oxygen on the glyoxal is protonated by the acid catalyst, leading to the oxygen being positively charge. This increased the partial charge on the carbon it is bonded to, which is then attacked by a lone pair on a nitrogen from a benzylamine molecule. This causes the carbonyl double bond to break forming a single C-O bond as the nitrogen is now bonded to the carbon which cannot form five bonds. The nitrogen is now positively charged as it has formed three bonds, and is then deprotonated by a solvent water molecule. This then occurs again on the second carbonyl oxygen in the molecule. Once the di-benzyl product is formed and in the majority in the reaction mixture two of them can react together. [bookmark: _Toc219097977]Figure 4 - Initial reaction between glyoxal and benzylamine [7]


[image: ]The oxygen is again protonated by the acid catalyst and the carbon is then attacked by another nitrogen lone pair. This time water is displaced as a leaving group when the C-N bond forms, the nitrogen is then again deprotonated by a water molecule. This happens at each end of the molecule until three units have reacted together which form a cage structure. [bookmark: _Toc219097978]Figure 5 - Production of hexabenzylhexaazaisowurzitane through reaction of dibenzyl products [7] [11]


[image: ]This structure is hexabenzylhexaazaisowurzitane, with 6 benzyl groups attached to the cage. These are removed as they cause stearic hinderance which prevents direct nitration of the cage [8]. Four of the benzyl groups can be displaced by hydrogenation over platinum on carbon catalysts in acetic anhydride which replaces four of the benzyl groups with acetyl groups. The debenzylation is the step which prevents the large scale production of CL-20 as palladium on carbon is very expensive and is poisoned after one reaction making it economically unviable. [bookmark: _Toc219097979]Figure 6 - Debenzylation of hexabenzylhexaazaisowurzitane [11] [7] [8]


After debenzylation the cage can then be nitrated by a mixture concentrated nitric acid and dinitrogen tetroxide which produces a strong nitrating agent capable of N-nitrating the cage via a substitution reaction where the two benzyl and four acetyl groups are replaced by nitro groups. 
[image: ][bookmark: _Toc219097980]Figure 7 - Nitration to form CL-20 [11] [12] [7]




5. [bookmark: _Toc219098080]Synthesis of GAP
[image: ]GAP is a polymer of glycidyl azide, and acts as a binder and fuel in rocket propellant. as it contains the azide group it also provides additional energy to the combustion, acting as an energetic binder. However, due to the reactivity of the azide group glycidyl azide cannot be polymerised directly [5]. So epichlorohydrin is used for the polymerisation step as it is the same molecule, just with a chloride group in place of the azide group. Epichlorohydrin polymerises through ring-opening addition under acidic conditions. First the epoxide oxygen is protonated, resulting in a positively charged oxygen that increases the partial positive charge on the bonded carbon, one of which is then attacked by the lone pair on an epoxide oxygen of another epichlorohydrin molecule, breaking the C-O bond and neutralising the positive charge on the oxygen whilst the attacking oxygen gains a positive charge. This continues, forming the chain [9]. The same product is formed regardless of which of the carbons is attacked. [bookmark: _Toc219097981]Figure 8 - Polymerisation of Epichlorohydrin [9]


[image: ]The polymer is then azidatated by sodium azide in a dimethyl sulfoxide solvent in a nucleophilic substitution reaction where the azide replaces the chloride group [10]. [bookmark: _Toc219097982]Figure 9 - Azidation of polyepichlorohydrin [10] [5]




6. [bookmark: _Toc219098081]Conclusion
The synthetic pathways of the components of the two propellant compositions were included in a presentation comparing the properties of the propellants, as the synthesis is one of the major deciders in the manufacture of compositions. Although the presentation showed that CL-20/GAP is a better propellant than AP/HTPB, it is not frequently produced, in part due to the longer multi-step syntheses that lead to lower yield, higher cost and increased risk due to the more exotic and dangerous reagents used. 
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