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Abstract  

 
The Chemicals Weapons Convention, effective since 1997, has helped to reduce the 

proliferation of chemical warfare agents (CWAs). However, despite 193 states being bound 

by this agreement, there are countries who continue to produce, stockpile and use CWAs. 

Incidents involving CWAs, whether in conflict, terrorism or assassination such as the 

attempted assassination which occurred in Salisbury, UK, in 2018 highlight the continuing 

need to control the production, stockpiling and use of CWAs. Decontamination of CWA 

stockpiles is therefore of significant interest. One potential way to achieve this is by using 

porous materials as sorbents in order to allow for the bulk uptake and deactivation of CWA 

stockpiles. In this work, the use of hypercrosslinked polymers (HCPs), which represent a 

class of such sorbents, that are produced using a facile and tuneable “knitting” procedure are 

explored for this application. The performance of the HCPs for the uptake of CWAs are 

investigated using simulants due to the lethal toxicity of the CWAs, prior to testing of the 

best performing polymers against CWAs including sarin (GB) and sulfur mustard (HD) 

(Figure 1). Routes to allow for the chemical decontamination of CWAs are then investigated 

by screening a range of nitrogen containing bases against a nerve agent simulant, methyl 

paraoxon (MP) and CWAs, GB and VX. This led to the development of hydroxide containing 

polymers derived from a range of porous organic polymers (POPs), including 

hypercrosslinked polymers (HCPs), conjugated microporous polymers (CMPs), and porous 

aromatic frameworks (PAFs), and conventional hydroxide resins. Finally, methods to 

combine physical and chemical decontamination of CWAs are explored using HCPs and 

hydroxide containing polymers, respectively, to create effective absorbents to immobilise and 

breakdown CWA stockpiles, under practically relevant conditions.  

 

 

 

 

 

Figure 1 Pre and post uptake of CWAs; HD, GB, and VX, by a HCP. 
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Abbreviations  

 

A26   Amberlyst-A26 resin 

AC  Activated Carbon  

AlCl3  Aluminium(III) chloride  

4NA   4-Nitroanisole  

4NP   4-Nitrophenol  

AcCl   Acetyl Chloride  

CD3CN  Acetonitrile  

CEES  2-Chloroethyl ethyl sulfide 

CMPs  Conjugated Microporous Polymers 

COFs  Covalent Organic Frameworks 

CP-CMPs Co-Polymerised Conjugated Microporous Polymers 

CP-MAS  Cross Polarization Magic Angle Spinning 

CWA  Chemical Warfare Agent 

DABCO 1,4-Diazabicyclo[2.2.2]octane 

DBU  1,8-Diazabicyclo[5.4.0]undec-7-ene 

DCE   1,2-Dichloroethane  

DCM  Dichloromethane 

DECP          Diethyl cyanophosphonate 

DIFP  Diisopropyl fluorophosphate 

DMAP 4-Dimethylaminopyridine 

DMF   Dimethylformamide 

DMMP  Dimethyl methylphosphonate 

DMP   Dimethyl phosphate  

DVB   Divinylbenzene 
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DVS  Divinyl sulfide  

EA-2192  S-(2-Diisopropylaminoethyl) methylphosphonothioic acid 

EMPA  Ethyl methyl phosphonic acid  

EP   Elimination Product (Ethyl vinyl sulfide) for CEES breakdown 

EtOAc  Ethyl Acetate  

FDA   Formaldehyde dimethylacetal 

FeCl3  Iron(III) chloride  

FTIR  Fourier-Transform Infrared Spectroscopy 

GA   Tabun (N,N-Dimethylethyl phosphoramidocyanidate) 

GB   Sarin (O-Isopropyl methylphosphonofluoridate) 

GD   Soman (3,3-Dimethyl-2-butyl methyl phosphonofluoridate) 

HCPs  Hypercrosslinked Polymers 

HD   Sulfur mustard [bis(2-chloroethyl) sulfide] 

HP   Hydrolysis product (2-(ethylthio)ethanol) for CEES breakdown  

H3PO4 Phosphoric acid 

IEC   Ion-Exchange Capacity  

IRN-78  Amberlite IRN-78 resin 

MeOH Methanol 

M4NP  Methyl 4-nitrophenyl phosphate  

MOF  Metal-organic framework 

MP   Methyl paraoxon  

MPA  Methylphosphonic acid 

MS  Molecular Sieves  

MTBD 7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene 

NEt3   Triethylamine  

NMe3  Trimethylamine  
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OEP  Oxidised form of CEES elimination product  

OHP  Oxidised form of CEES hydrolysis product  

NMR  Nuclear Magnetic Resonance 

PAFs  Porous Aromatic Frameworks 

PolyHIPE  Poly High Internal Phase Emulsion  

PIMs  Polymers of Intrinsic Microporosity 
iPMPA  Isopropyl methylphosphonic acid 

POP   Porous Organic Polymer 

SABET  Brunauer–Emmett–Teller surface area  

SEM   Scanning Electron Microscopy 

ssNMR  Solid-state NMR spectroscopy 

TBD  1,5,7-Triazabicyclo[4.4.0]dec-5-ene 

TDG  Thiodiglycol 

TGA   Thermogravimetric analysis 

THF  Tetrahydrofuran 

TMAH  Trimethylammonium hydroxide  

TMG  1,1,3,3-Tetramethylguanidine 

TMG-P TMG-Phosphorus product from MP breakdown 

TMP   Trimethyl phosphate  

TPB   1,3,5-Triphenylbenzene 

VBC   Vinylbenzyl chloride  

VM   Diethylaminoethyl O-ethyl methylphosphono-thioate 

VX   [O-Ethyl S-(2-(diisopropylamino)ethyl) methylphosphonothioate] 

XPS   X-ray Photoelectron Spectroscopy 
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1.1 Chemical Warfare Agents (CWAs) 
 

Chemical warfare agents (CWAs) are defined, according to the 1972 and 1993 Biological and 

Toxic Weapons Conventions as “chemical substances, whether gaseous, liquid or solid, 

which might be employed because of their direct toxic effects on humans, animals, and 

plants”.1, 2 Toxic chemicals include “...any chemical which, through its chemical effect on 

living processes may cause death, temporary loss of performance or permanent injury to 

people and animals.”  

CWAs are classified according to their chemical structure and the effect the CWA has on the 

body. Organophosphate-based CWAs including Sarin (GB), Soman (GD), and Tabun (GA) 

were discovered while searches for new pesticides were underway in the 1930s by German 

scientists. These agents are therefore referred to as the G-agents (Fig. 1.1) being mass 

produced after WWII. Later in the 1950s, the organophosphate V agents were developed 

including VX produced in the early 1950s in the UK. Agent VX was later produced by 

several nations in large quantities. Less volatile and hence more persistent compared to the 

G-agents, VX is thought to be ten times more toxic compared to the G-agents. Both G-agents 

and V-agents are referred to as nerve agents due to the effect they have on the central nervous 

system in the body. Interaction of the nerve agents with the acetylcholinesterase enzyme, 

responsible for the breakdown of the neurotransmitter acetylcholine, leads to the irreversible 

binding of the organophosphorus compounds to the enzymes active site through the 

formation of irreversible phosphonate ester bonds, substituting the halides/pseudohalides on 

the nerve agent (Fig. 1.2).3, 4 This prevents the enzymes usual function of hydrolysing the 

neurotransmitter acetylcholine, resulting in its accumulation in the synaptic cleft leading to a 

continuous stimulation of the muscles needed for respiration, resulting in muscle fatigue and 

loss of activity, ultimately leading to oxygen deprivation and death by asphyxiation. All of 

the nerve and blister agents shown in Fig. 1.1 exist as liquids at room temperature.  

In contrast to the nerve agents, the blister agents including sulfur and nitrogen mustards 

(Fig. 1.1) target the mucous membrane of the skin. First acting as an irritant resulting in 

severe burns and blisters of the skin, the agents once penetrated through the skin go on to 

poison body cells through alkylation of DNA. Contact with blister agents can lead to severe 

burns and blisters, respiratory tract damage, eye lesions, bone marrow depression, pneumonia 

and can sometimes lead to death.5, 6  
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Finally, the blood and choking agent class of CWAs consist of chemicals such as phosgene, 

hydrogen cyanide, arsin, and cyanogen chloride (Fig. 1.1). Although not as toxic compared to 

the other classes of CWAs, the fact these compounds are readily available makes them 

accessible to all and hence continue to pose a threat.  

 

Fig. 1.1 Structure of the chemical warfare agents (CWAs) comprising of the three main 

groups of CWAs (nerve agents, blister agents, and blood/choking agents). Common simulants 

used to mimic the G-nerve agents, V-agents and blister agent (HD), as demonstrated in the 

literature reports presented in this thesis, are also shown.  
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Fig. 1.2 The mode of action of (a) the neurotransmitter acetylcholine and (b) a nerve agent 

(generalised structure) on the enzyme acetylcholinesterase. Reprinted (adapted) with 

permission from (Chem. Rev. 2011, 111, 5345-5403). Copyright (2019) American Chemical 

Society.7 
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Restricting and preventing the use of CWAs has mainly been achieved by the Chemical 

Weapons Convention.8 The Chemical Weapons Convention signed in 1993 and effective 

since 1997 is signed by countries who agree to not produce, stockpile or use CWAs. Signed 

countries also agree to dispose of any stockpiles of CWAs they possess at the time of signing 

the agreement. To date (May 2019) there are 193 states worldwide bound by the Chemical 

Weapons Convention. Of the declared stockpiles, to date (May 2019), 97% of the declared 

stockpiles by possessor states have verifiably been destroyed.8  

 

1.2 CWA Decontamination  
 

1.2.1 Methods for decontamination  
 

In the simplest terms, CWA decontamination can be defined as a route which reduces 

exposure of people, equipment, and the environment to the toxic properties the CWAs 

possess. Decontamination can occur by three main methods; mechanical, physical, and/or 

chemical decontamination.9  

The simplest, yet least effective, is mechanical decontamination, useful for example in war 

situations where an area of land has been contaminated with a CWA. Procedures involved for 

mechanical decontamination include covering the contaminated area with soil or removing 

the agent from the ground by scrapping with a wooden stick.9 This can be effective for an 

immediate response and help reduce exposure of the CWA to people in the vicinity.  

Physical decontamination can prove more effective compared to mechanical decontamination 

and can involve absorbing the CWA from a surface or the ground using a material, for 

example fullers earth, like a sponge.9 Alternative methods to achieve physical 

decontamination can include; dilution, washing operations, and evaporation.9, 10 A large 

benefit of using physical decontamination for CWA decontamination is the fact physical 

procedures tend to act universally and therefore do not depend on the nature of the CWA 

used.   

By far the most effective decontamination method is chemical decontamination. Unlike with 

mechanical and physical decontamination, chemical decontamination can result in breakdown 

of the CWA to non-toxic product(s). Often other breakdown pathways compete with the 
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pathway which leads to the formation of the desired non-toxic product, producing other 

breakdown products, some of which may be toxic.7 Chemical decontamination routes for the 

breakdown of the nerve agents GB and VX, and blister agent sulfur mustard (HD) is shown 

in Fig. 1.3. GB can be hydrolysed resulting in preferential cleavage of the labile P–F bond to 

form the non-toxic isopropyl methylphosphonic acid (iPMPA) which can be further 

hydrolysed to form methylphosphonic acid (MPA).11 In contrast, the hydrolysis of VX often 

results in the competitive cleavage of either the P–S or P–O bond.12, 13 Depending upon 

which bond is cleaved this can affect the toxicity of the resulting breakdown product. The P–

S bond cleavage results in the production of ethyl methylphosphonic acid (EMPA) compared 

to P–O cleavage which results in the production of a breakdown product (EA-2192) with a 

similar toxicity as VX itself.14 This can also be seen for HD breakdown via oxidation with 

over oxidation of HD producing the toxic sulfone breakdown product compared to the non-

toxic sulfoxide.15 This is in contrast to the elimination and hydrolysis routes for 

decontamination of HD which can produce non-toxic elimination and hydrolysis products, 

respectively, through removal of the chlorine from HD.  
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Fig. 1.3 Decontamination routes for the breakdown of (a) the nerve agent Sarin (GB), 

(b) nerve agent VX, and (c) blister agent sulfur mustard (HD). GB breakdown occurs to 

produce isopropyl methylphosphonic acid (iPMPA) which can be further hydrolysed to form 

methylphosphonic acid (MPA). VX breakdown occurs to produce either the non-toxic EMPA 

product or the toxic EA-2192 product depending on which bond is cleaved. HD breakdown 

can occur by an elimination, hydrolysis, or oxidation route. The oxidation pathway can 

produce the non-toxic sulfoxide and/or the toxic sulfone product.  
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CWAs are amongst the most toxic chemicals known to mankind.16 For example, Sarin may 

be lethal at doses as low as 0.01 mg/kg of body weight with a single drop being enough to a 

kill a human.17 As a result, a lot of scientific work in the field of CWAs is often performed 

using simulants, especially in the earlier stages of development. A simulant is a mimic of the 

CWA, possessing a similar structure and functionality as present in the real agent, although 

with a lower toxicity compared to the CWA. Some of the more common simulants for GB, 

VX, and HD are shown alongside the real agents in Fig. 1.1.  

Organophosphates traditionally were used as pesticides and insecticides, for example, 

paraoxon (Fig. 1.1) which is the active metabolite of the insecticide parathion. Similar to the 

nerve agents, paraoxon targets the central nervous system.18, 19 The toxicity of these 

metabolites is one of the main reasons why many of these insecticides are no longer in use 

today. In addition, their resistance to spontaneous hydrolysis can cause them to persist in the 

earth for extended periods of time having an adverse effect on the local ecology.  

Despite not being used as insecticides today, such organophosphates are often used as 

simulants for nerve agent CWAs. The breakdown of paraoxon and  similar simulants such as 

fenitrothion (Fig. 1.1), have been investigated in multiple studies, observing the mechanistic 

details for the reaction of a range of oxygen and nitrogen containing nucleophiles or alpha-

nucleophiles, and surfactants as a route to allow for the decontamination of the 

organophosphate.20-23 The reaction of piperidine with paraoxon was shown to go via three 

pathways (Fig. 1.4), with reaction of the nitrogen nucleophile at the phosphorus centre, 

resulting in P–OAr cleavage (SN2(P)), at the aliphatic carbon of the methoxy group resulting 

in C–O cleavage (SN2(C)), and/or attack at the aromatic carbon of the 4-nitrophenyl group 

resulting in Ar–O cleavage (SNAr).24 Similar to the breakdown of VX, the toxicity of the 

resulting breakdown products is dependent upon which bond is cleaved; retention of the 

4-nitrophenyl group (SN2(C) pathway) leads to a breakdown product which retains its toxicity 

by binding irreversibly to the acetylcholinesterase enzyme.4, 25 In contrast diethyl phosphate 

from the SN2(P) pathway renders the breakdown product non-toxic through removal of the 

4-nitrophenyl group. The breakdown pathway favoured and hence the toxicity of the 

breakdown products depends strongly on the conditions of the breakdown reaction.  
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Fig. 1.4 Breakdown pathways observed for the breakdown of the CWA simulant and 

insecticide paraoxon with piperidine (PI). Figure redrawn from references.24, 26 

  

1.2.2 Decontamination technology 
 

Activated carbons were amongst the first materials to be used for the detoxification and 

filtration of toxic chemicals, having been used in filters for military respirators during WWI. 

The micropores in activated carbons resulted in increased surface energies and the ability to 

adsorb a variety of chemicals, while the larger pores facilitated transport of the contaminants 

to the micropores.27 Activated carbons modified with impregnates (metal, metal salts, acids 

and amines) have enhanced interactions with higher-volatility compounds.28, 29 Such 

materials exhibit many characteristics desirable for CWA breakdown.30-34 Despite this, the 

low sorptive capacities, deactivation of the active sites in the materials, slow degradation 

kinetics and lack of tailorability limited their effectiveness. 

Of the more promising classes of porous materials for detoxification of CWAs in recent years 

are metal organic frameworks (MOFs). MOFs represent a class of crystalline materials 

comprising metal containing nodes connected by organic linkers.35 MOFs have been studied 

due to their excellent porosity, good stability, and their amenability to modular design. In 

addition, their ability to present high concentrations of metal ions/clusters and varying 
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organic linkers creates a suitable environment to allow for the breakdown of the captured 

agents.  

In particular for CWA breakdown, zirconium based MOFs have been studied extensively 

over the past few years.36-40 The success in CWA breakdown using these MOFs is due to 

their ability to mimic the active site of the enzyme phosphotriesterase, an enzyme that can 

hydrolyse organophosphate insecticides. This enzyme consists of bimetallic Lewis-acidic 

zinc metal centres bridged by hydroxide, with proximal aspartate and histidine residues 

located in close proximity, these help in proton transfer during the catalytic cycle as shown in 

Fig. 1.5 for hydrolysis of paraoxon.41, 42 Hence, the success of zirconium MOFs to hydrolyse 

organophosphate based CWAs is due to the zirconium metal clusters and linkers, often 

functionalised with amines, mimicking the active site and mechanism by which 

organophosphates are hydrolysed by the phosphotriesterase enzyme.  

 

 

Fig. 1.5 Proposed enzymatic mechanism,41, 42 for the hydrolysis of paraoxon (shown in red) 

by the phosphotriesterase enzyme, with proximal aspartate, histidine and lysine amino acid 

residues. Figure redrawn (modified) from reference.42  
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Three of the more promising MOFs studied for CWA breakdown are UiO-66,43 NU-1000,44 

and MOF-808-activated.45 These were shown to be effective in the capture and degradation 

of a range of CWA simulants and the CWA soman.46 All three MOFs contain Zr(IV) metal 

ions and bridging hydroxo ligands (present in the Zr-OH-Zr nodes), which mimic the Lewis 

acidic Zn-OH-Zn active site of the phosphotriesterase enzymes. The later row transition 

metal Zr is employed in MOFs instead of the bioavailable Zn due to its more Lewis acidic 

centres. Breakdown of CWAs using the Zr-MOFs occurs via a similar mechanism as for the 

phosphotriesterase enzyme.  Binding of the organophosphate CWA or simulant, via the P=O 

bond, to the zirconium centre and hence substitution of ligated water molecules occurs as the 

rate-determining step in the hydrolysis reaction.47 This is then followed by the rapid attack of 

hydroxide at the phosphorus centre, resulting in cleavage of the weak P–O bond, which 

weakens upon binding of the organophosphate to the zirconium metal centre.48 Hydrogen 

bonds between the leaving group attached to the phosphorus centre and OH group on the 

zirconium node facilitate the departure of the leaving group from the organophosphate.49  

The three MOFs above were tested for the breakdown of the nerve agent simulant methyl 

paraoxon (MP), a derivative and less toxic simulant compared to paraoxon (Table 1.1). 

Breakdown occurs using the MOFs in an aqueous solution of N-ethylmorpholine as buffer to 

produce exclusively the non-toxic dimethyl phosphate (DMP) using in-situ liquid-state 
31P NMR to monitor the breakdown conversion and product distribution.50 In some cases, 

UV/Vis spectroscopy has been used to monitor the breakdown of MP by monitoring the 

formation of 4-nitrophenolate as the by-product for DMP formation.51, 52 Monitoring using 

NMR is however a more accurate method since it allows for bulk analysis of the breakdown 

reaction, observing changes in the phosphorus environments of the CWAs or simulants.53 The 

activity for a given MOF catalyst is often reported as the half-life (t1/2), the time taken to 

hydrolyse 50% of the starting simulant or CWA. Hence the lower the t1/2, the greater the 

performance of the MOF for CWA breakdown. 

UiO-66 was shown to be effective for hydrolysis of MP at room temperature with a t1/2 of 

35-45 minutes.51 This however could be shortened to 15 minutes when the same hydrolysis 

was carried using MOF NU-1000.52 The larger pores in this MOF allowed greater 

accessibility of MP to the interior Zr catalytic active sites, in contrast to UiO-66 where by 

breakdown of MP was mainly restricted to the exterior surface of the MOF. In addition, the 

four substitutionally labile water ligands at each Zr6 node (absent in UiO-66) allowed for 

greater access of MP to the metal centres. This was supported as intentional dehydration of 
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the nodes in NU-1000 resulted in the t1/2 being further reduced to 1.5 minutes. NU-1000 was 

also shown to be effective for the destruction of the CWA Soman, with a t1/2 of 3 minutes.52 

The positive impact to the breakdown performance of the MOFs by the presence of larger 

pores and greater accessibility to the metal centres prompted the activity of activated 

MOF-808 to be explored. Activated MOF-808 exhibits lower connectivity by having a 

greater number of labile water ligands compared to UiO-66. This led to a significant 

improvement in the decomposition rate of MP with a t1/2 of 30 seconds; this represents the 

fastest breakdown obtained to date for the hydrolysis of MP with Zr-MOFs.50  

Table 1.1 The node connectivity, formula, structure, and breakdown performance of either 

UiO-66,43 NU-1000,44 or MOF-808-activated,45 for hydrolysis of the nerve agent simulant, 

methyl paraoxon (MP).42, 50-52 Breakdown occurred using the same conditions for each MOF 

(6 mol% MOF catalyst loading in 0.45 M N-ethylmorpholine solution).  Structure of MOFs 

reproduced with permission from (Angew. Chem., Int. Ed., 2015, 54, 6795-6799). Copyright 

(2019) John Wiley and Sons.50 Zirconium atoms green, oxygen atoms red, and carbon atoms 

grey; hydrogen atoms are omitted for clarity in the structures of the MOFs.  

MOF & formula 

(connectivity of the nodes) 

Structure MP breakdown 

t1/2 (minutes) 

UiO-66 

Zr6(µ3-O)4(µ3-OH)4(BDC)6 

(12-coordinated) 

  

35-45 

NU-1000-dehydrated 

Zr6(µ3-O)4(µ3-

OH)4(OH)4(H2O)4(TBAPy)2 

(8-coordinated) 

 

  

1.5  

 

 

MOF-808-activated 

Zr6(µ3-O)4(µ3-

OH)4(OH)6(H2O)6(BTC)2 

(6-coordinated) 

 

  

 

0.5 
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The catalysis in UiO-66 being restricted to catalytic sites on the exterior surface of the MOF 

was confirmed when the UiO-67 MOF (Fig. 1.6) was used for MP breakdown.42, 53 The 

presence of larger linkers in UiO-67 resulted in larger pores (8-11.5 Å) compared to UiO-66 

(6 Å) resulting in a faster breakdown rate for MP using UiO-67 in place of UiO-66, with a 

seven fold reduction in the t1/2, achieved by improving accessibility of MP to the active sites 

in UiO-67.  

While the presence of the Zr-OH-Zr unit plays an important role in the Lewis acid catalysed 

pathway for the degradation of CWAs and their simulants, the presence of the nearby amino 

acid residues, aspartate and histidine in the active site of the phosphotriesterase enzyme have 

also been shown to play an important role in the decomposition mechanism by promoting 

proton transfer.41 Functionalisation of UiO-66 with amino moieties, introduced by using 

amine functionalised organic linkers to connect the nodes, decreased the t1/2 roughly 20 fold 

for the hydrolysis of MP using the UiO-66-NH2 form of UiO-66 (Fig. 1.6).42 This was 

initially thought to be due to the amino moiety acting as a Brønsted base and subsequently a 

Brønsted acid during the catalytic cycle, aiding in proton transfer. However more recent 

findings suggest the amino moieties bring about a change in the microsolvation environment 

around the Zr nodes enhancing the nucleophilicity of water and hence resulting in an increase 

in the rate of organophosphate hydrolysis.54  

Creating more defects in UiO-66-NH2 can further improve the breakdown of MP by 

improving mass transport of reactants and products, while exposing more Lewis acidic 

Zirconium centres for binding, and the subsequent hydrolysis, of the organophosphate.55 

However a trade-off often exists between accessibility and reactivity since increasing the 

number of defects in the MOF results in a reduction in the amount of organic linkers, which 

when functionalised can assist in the hydrolysis. UiO-66 synthesised using halogenated 

(F, Cl, Br, and I) linkers were screened for their performance against MP using a 

high-throughput screening approach to assess the performance of the MOF catalysts.56 A four 

times faster rate for MP breakdown was observed for the iodine functionalised UiO-66 

compared to the non-functionalised UiO-66.57 Theoretical calculations suggested halogen 

bonding occurred between the iodine atoms in the linkers of the MOF with the oxygen atom 

of the methoxy group in MP. This creating a more electrophilic phosphorus centre, enhancing 

nucleophilic attack by water and hence increasing the hydrolysis rate. 
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Improving the breakdown performance of the MOF through functionalisation of the organic 

linkers with amines is also supported in work carried out in the destruction of the V-nerve 

agent VX. Using the UiO-67-NMe2 MOF with tertiary amines present in the linkers enhanced 

the catalytic activity, with a half-life of 1.8 minutes for UiO-67-NMe2 compared to 6 minutes 

for UiO-67-NH2 and 7.9 minutes for UiO-67.58  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.6 Idealized structures for UiO-66 and UiO-67,53 along with the organic linkers, 

non-functionalised and functionalised with amines, used to construct the MOFs. Structure of 

MOFs reprinted (adapted) with permission from (Inorg. Chem. 2015, 54, 9684-9686). 

Copyright (2019) American Chemical Society. 

 
 
While the enzyme phosphotriesterase is highly active in catalysing the hydrolysis of 

phosphate ester bonds, present in many of the CWAs and their simulants,3, 59 enzyme 

deactivation and the relatively short shelf lives of the enzymes  limits the circumstances and 

range of conditions over which they can effectively be used for detoxification of CWAs. 
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Enzymes capable of hydrolysing bonds present in organophosphate based nerve agents for 

instance P–F, P–CN, P–S, or P–O bonds have been effectively incorporated into hierarchical 

structured zirconium based MOFs possessing a microporous-mesoporous structure.60, 61 

Immobilisation of the enzyme into the MOFs could improve the stability of the enzyme 

compared to the enzyme in its free form, localising the immobilised enzyme in the larger 

mesopores while the smaller micropores remained free to allow for the diffusion of reactants 

and products to and from the enzyme for hydrolysis of the nerve agent simulant DIFP and 

CWA Soman.  

Zr-MOFs have also proven useful for the breakdown of sulfur mustard and its simulant, 

2-chloroethyl ethyl sulfide (CEES), known most commonly as “half-mustard”. The 

incorporation of photosensitizers including porphyrins,62, 63 fullerene,64 pyrene,65 and 

perylene,66 either as organic linkers or through postsynthetic incorporation strategies can 

allow for the partial oxidation of HD and CEES to exclusively the non-toxic sulfoxide 

breakdown product. This selective oxidation occurs due to the generation of singlet oxygen 

(1O2) under UV irradiation. The partial oxidation of CEES can also take place alongside the 

hydrolysis of MP using a porphyrin based Zr-MOF, allowing for the simultaneous 

decontamination of CWA simulants, representing a dual functional material for the 

breakdown of CWAs.67 Dual functional materials are desirable for designing materials for 

use in personal protective clothing and equipment such as masks and spill kits due to the 

difficulty in determining straight away the CWA which is present. 

A basic aqueous solution of N-ethylmorpholine as buffer is usually employed when testing 

the MOF catalysts for hydrolysis of the nerve agents or simulants. This facilitates the 

hydrolysis of the nerve agents by assisting in the deprotonation of water molecules and 

preventing poisoning of the catalyst from acidic by-products such as hydrofluoric or 

hydrochloric acid.  

However, more recently research has involved methods to either remove or heterogenize the 

buffer with the MOF catalyst, this needed to develop materials which breakdown CWAs 

under more practically relevant conditions. Polyethyleneimine (PEI), either branched, linear 

or dendritic, was used in place of the homogeneous N-ethylmorpholine buffer showing the 

ability to heterogenize the buffer with a Zirconium based MOF (NU-901).68 The branched 

PEI and PEI dendrimers displayed a similar breakdown performance for MP hydrolysis as the 

breakdown performed using the MOF with the conventional N-ethylmorpholine 
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homogeneous aqueous solution as buffer. The presence of the more strongly basic tertiary 

amines in branched and dendritic PEI compared to secondary amines in linear PEI resulted in 

the enhanced breakdown rate for the reactions using these two forms of PEI as heterogeneous 

buffer. However, linear PEI has been used as a heterogeneous buffer and been combined 

effectively with a MOF catalyst (NU-1000) onto a cellulose fibre substrate for MP 

breakdown.69 Combining the MOF catalysts into useful materials is required in designing 

MOFs for use as filters in masks and protective clothing allowing for the filtration and 

detoxification of CWAs. In the past few years, a number of studies have shown the effective 

formation of MOF-textile composite materials. Most involve using UiO-66 based MOFs as 

the most unperturbed MOF compared to other MOFs previously used for CWA breakdown 

(NU-1000 or MOF-808). The MOFs have been combined with a variety of textiles including 

silk,70 nylon,71 cellulose,72 polymethylmethacrylate,73 poly(vinylidene)fluoride,74, 75 and 

cotton.76 These composite based MOFs were shown to be effective for breakdown of a range 

of CWA simulants including MP,70-74 DIFP,70, 74 and CEES,70 as well as CWAs Soman,74-77 

and sulfur mustard.76  

The post synthetic modification of the aromatic linkers of UiO-66 and UiO-66-NH2 MOFs 

with lithium tetrabutoxide could allow for breakdown of a range of CWA simulants including 

simuants (DIFP, DMMP, and CEES) and CWAs (GD and HD) in an unbuffered aqueous 

solution.70, 78 The presence of Brønsted basic sites facilitated in the deprotonation of water, 

while reducing the amount of catalyst poisoning from acidic breakdown products, allowing 

for the breakdown of the CWAs and simulants using the lithium alkoxide functionalised 

MOFs in unbuffered aqueous solution.  

Removal of the buffer required for breakdown using MOFs has been seen in a very recent 

study.79 Amine-containing mono-carboxylic acid modulators, such as 

4-(aminomethyl)benzoic acid and 4-(morpholinomethyl)benzoic acid, were incorporated into 

Zr-MOFs, NU-901 and MOF-808, occupying missing linker sites on the zirconium nodes. In 

this way, these amine functionalised modulators act as bases to promote hydrolysis and 

eliminate the need for a buffered solution. While initial studies showed MOFs of this type are 

effective for the breakdown of MP, the displacement of the modulators by acidic breakdown 

by-products, such as dimethyl phosphate, during hydrolysis resulted in the poisoning of the 

MOF catalyst overtime, halting the breakdown reaction and preventing complete breakdown 

of MP being reached.  
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A facile and efficient method consisting of post-synthetic microwave irradiation activation of 

MOFs was shown to be effective for the removal of acetic acid based modulators and organic 

solvent from MOFs including MOF-808 and UiO-66.80 The activated forms of the MOFs 

possessed a greater breakdown performance for hydrolysis of the V-agent simulant VM, 

whereby hydrolysis could occur in absence of buffer. 

Developing MOFs for CWA applications by either removing or incorporating basic buffers 

within the MOF catalysts is required for the practical application of MOFs for CWA 

breakdown. The scalable synthesis of the MOFs and the need for breakdown to occur using a 

large amount of bulk water continue to limit the practical application of the MOF catalysts. 

That said, research continues to improve the scalable synthesis and removal of condensed 

phase water for breakdown. In a recent study, a UiO-66-F4 was synthesised using a water 

based synthesis procedure at room temperature.81 The hydrophobic MOF could allow for the 

hydrolysis of the hydrophobic nerve agent VX to predominately the EMPA non-toxic 

breakdown product under a 50% relative humidity, showing breakdown could occur in the 

absence of buffer and bulk water. Breakdown occurred using the UiO-67-F4 MOF with a t1/2 

of 108 minutes, this is in contrast to breakdown of VX using UiO-67-N(Me)2 or UiO-67 in 

the aqueous N-ethylmorpholine buffered solution which showed a t1/2 of 1.8 and 7.9 minutes, 

respectively.58  

In May 2019, the first solid-phase testing study involving Zr-MOFs (UiO-66, UiO-66-NH2, 

and NU-1000) against the nerve agent simulant, MP was reported.82 Compared to the 

traditional method used to test the Zr-MOFs against CWAs, using aqueous buffer and bulk 

water, the solid-phase testing involved testing the Zr-MOFs against neat agent, without the 

presence of buffer, and water provided only through moisture absorption into the MOFs. This 

represents practical testing of the Zr-MOFs towards using them in solid-phase 

decontamination applications. The solid-phase testing of the three MOFs revealed significant 

differences in both the MP breakdown rate and product distribution when testing the solid-

phase hydrolysis compared to the solution testing. In addition, the reactivity trend between 

the MOFs was also different for the solid-phase testing, with NU-1000 displaying a lower 

breakdown, despite increasing the amount of water in the MOF, compared to UiO-66. The 

reverse was true for the solution-phase testing of these two MOFs for MP breakdown 

(Table 1.1). The water content was shown to have a large effect on the hydrolysis rate, with 

UiO-66 displaying a half-life of 19 days at 0 wt% compared to less than 1 hour when the 

MOF was tested in the presence of 400 wt% water. The slower breakdown rates occurred for 
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the solid-phase hydrolysis testing due to significant poisoning of the metal catalysts in the 

MOF since no buffer was present and also the more acidic environment creating less defects 

in the MOF, and hence less accessible Lewis acidic zirconium centres, to enhance the 

breakdown of MP. The UiO-66-NH2 MOF when tested in its dry form resulted in formation 

of the toxic breakdown product, methyl 4-nitrophenyl phosphate (M4NP), from C-O bond 

cleavage, by reaction of the NH2 groups of the linkers with the methoxy group in MP. The 

toxic breakdown product occurred alongside the expected dimethyl phosphate product. This 

represents the first reported case of using Zr-MOFs for MP breakdown resulting in 

production of breakdown products other than dimethyl phosphate (DMP). The solid-phase 

testing of the MOFs in this study suggested significant catalyst poisoning was observed 

which as suggested in their study may result in MOFs being stoichiometric reagents rather 

than catalysts for the solid-phase (practical) breakdown of CWAs.  

The studies over the past 18 months or so have shown the transition of research of using Zr-

MOFs not just as materials effective for the breakdown of CWAs but materials which have 

potential to be used in real-world applications. There is however a number of challenges still 

to face. Issues regarding catalyst poisoning and water are big challenges, as highlighted in the 

most recent paper on MOFs for CWA breakdown.82 While MOFs show promise for the 

destruction of CWAs, their unstable and physiochemical nature may limit their practical 

application. In addition, water will always remain a competitor to the adsorption of substrates 

into the materials and will strongly coordinate to the Lewis acidic active sites. Despite efforts 

to improve the stability of MOFs against hydrolysis by enhancing the strength of the metal-

ligand bonds, the incorporation of hydrophobic linkers, and post-synthetic modifications,83-86 

the labile nature of the metal-ligand coordination bonds leads to difficulties in using MOF 

based materials. In addition, the scalability of MOFs can prove difficult due to the relatively 

expensive metal reagents and harsh synthesis conditions. MOFs have heavily dominated the 

CWA literature over the past few years, however a few of the other systems reported in 

recent years are described below.  

PolyHIPEs have the potential for the uptake and destruction of CWAs. PolyHIPE materials 

derived from styrene-co-divinylbenzene-co-vinyl benzyl chloride (VBC) were shown to be 

effective for the immobilisation of CWAs including HD and a range of V-agents including 

VX.87 It was demonstrated by introducing VBC into the polymerisation with styrene-

divinylbenzene, along with increasing the volume of the internal phase emulsion to 95%, this 

could improve the uptake performance of the resulting polyHIPEs by reducing the size of the 



Chapter 1 Introduction 
 

25 
 

pores to enhance absorption. PolyHIPEs also have potential for the simultaneous uptake and 

breakdown of CWAs and their simulants.88 For instance, a polydicyclopentadiene based 

polyHIPE could allow for the breakdown of the “half-mustard” simulant CEES on the order 

of minutes (around 60 minutes) by ageing of the polydicyclopentadiene networks.89 The 

generation of hydroperoxides overtime in the polyHIPE networks allowed for the oxidation 

of CEES to selectivity produce the non-toxic sulfoxide breakdown product.  

Nucleophilic polymers were also shown to be very effective for the decontamination of 

CWAs. 4-Aminopyridine polyalkylamines were effective for breakdown of a range of CWAs 

including VX in less than 20 minutes at ambient temperature.90 Breakdown of CEES could 

occur in the presence of water via an elimination pathway to produce ethyl vinyl sulfide. HD 

breakdown resulted in predominately divinylsulfide with small amounts of the sulfoxide or 

sulfone breakdown products produced from oxidation of HD by the reaction solvent DMSO, 

alongside an unidentified product. Modification of fibres including nylon, cotton, rayon, and 

Kevlar with 4-aminopyridine modified polyalkylamines was effective for the breakdown of 

nerve agent simulants DMMP and DIFP in aqueous media.91 Despite nucleophilic polymers 

such as the 4-aminopyridine polyalkylamines being effective for CWA decontamination, 

showing promise when combined with fibres, their practical application is limited by the 

presence of water required for the hydrolysis and external buffer to control the pH.  

One breakdown system which has potential to allow for the breakdown of CWAs under more 

practically relevant conditions without the need to add large quantities of water is hydroxide 

resins. These resins composed of styrene-divinylbenzene are functionalised with quaternary 

ammonium groups possessing hydroxide as the counter-ion.92 Often trimethylammonium 

hydroxide is grafted onto the porous polymer network, with this group possessing good 

stability from hydroxide attack in water up to 60 °C.93 The stability of the quaternary 

ammonium group towards hydroxide attack at the benzylic carbon is known to be dependent 

on the nature of the groups attached to the nitrogen. Longer chain alkyl groups at more 

sterically hindered benzylic centres results in a greater stability of the quaternary ammonium 

group, reducing the loss of amine by hindering the attack of hydroxide.93 Attack of hydroxide 

can occur at the benzylic carbon via an SN2 mechanism (Fig. 1.7a), resulting in the loss of 

amine and production of benzyl alcohol.93 This attack is more pronounced in systems which 

contain a low water content, whereby hydroxide is more exposed and hence more 

nucleophilic for attack.94 Groups attached to the nitrogen of the amine which possess 
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β-hydrogens can also undergo the Hoffman elimination via an E2 elimination mechanism 

(Fig. 1.7b), accelerating instability of the quaternary amine group.94 

 

Fig. 1.7 The stability of quaternary ammonium groups (present in hydroxide resins) 

containing different alkyl groups attached to nitrogen towards (a) SN2 attack of hydroxide at 

the benzylic carbon and (b) the E2 Hoffman elimination which occurs due to the presence of 

the β-hydrogens on the alkyl chains from the quaternary ammonium hydroxide in (b).  

Hydroxide resins were used in the M291 decontamination kit, the first solid absorbent 

material for CWA detoxification in 1989.10 This personal protective kit was designed for skin 

protection and consisted of pouches filled with a resin mixture (trade name: XE-555) 

consisting of absorbent activated carbon and two styrene/DVB strong-acid (SO3H) and 

strong-base (NMe3) resins. The M291 kit was designed to perform both physical and 

chemical decontamination by initially removing the CWA from the skin by absorbing the 

liquid from the skin onto the absorbent carbon followed by the breakdown of the CWA using 

the functionality present in the resin. However, the chemical decontamination was slow using 

the pouches and the M291 kit proved only effective in the physical decontamination, removal 

of agent from the skin. Studies showed neither VX or HD were hydrolysed after 10 days 

using the M291 kit, with nerve agent Soman being hydrolysed with a half-life of 30 hours.95 

It was postulated that the absorption of agent in the micropores of the activated carbon 

resulted in slow migration of the agent to the reactive sites present in the resin to allow for 
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chemical decontamination.96, 97 In recent years, research has focused on designing non-

particulate decontamination wipes or pads, which unlike the M291 decontamination kit does 

not lead to secondary health risks from contamination of skin with particulates from the 

decontaminant pad/resin.98, 99  

1.3 Porous Organic Polymers (POPs) 
 

Porous organic polymers (POPs) are microporous organic polymers possessing 

predominately microporous networks, which contain the majority of pores of less than 2 nm 

in diameter. Composed of light, non-metallic elements such as C, H, O, N, and B, these 

polymers have shown promise for a number of applications including in gas storage and 

separation, catalysis, and removal of heavy ions in wastewater treatment.100 The wide range 

of monomer units available to the diverse synthetic strategies to produce POPs allows for 

facile variations to the chemical functionality of the polymer networks, allowing fine-tuning 

of the polymers structure for a particular application.101 

A range of POPs have been produced in recent years (Fig. 1.8), using a number of chemical 

reactions including; Sonogashira-Hagihara cross-couplings for the synthesis of conjugated 

microporous polymers (CMPs),102, 103 dioxane-forming polymerisations to produce soluble 

and crosslinked polymers of intrinsic microporosity (PIMs),104 Yamamoto coupling to 

produce porous aromatic frameworks (PAFs),105, 106 and reversible borate chemistry 

producing covalent organic frameworks (COFs).107 Many of the reactions used to produce 

such materials require expensive transition metal catalysts and/or relatively complex 

monomers in their synthesis which can limit the practical applications and scalable synthesis 

of these materials.  

 

Fig. 1.8 The classes of Porous organic polymers (POPs). 
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Amorphous (HCPs, CMPs, PAFs, and PIMs), highly crosslinked POPs connected by 

irreversible covalent bonds are often prepared under relatively mild conditions, producing 

networks which have very high chemical stabilities. Post-synthetic modification of POPs can 

provide a route to introduce or transform the chemical functionality already present in the 

porous networks, tailoring the POP for a particular application. For instance, treatment of a 

biphenyl derived HCP with chlorosulfonic acid can introduce a large number of SO3H groups 

into the porous network, whilst still retaining the porosity of the network.108, 109 Other 

crystalline POPs such as COFs would be completely destroyed under the harsh post-synthetic 

conditions used for such a transformation.  

1.3.1 POPs for CWA breakdown 
 

Catechol-functionalised POPs were synthesised via a cobalt catalysed acetylene trimerization. 

Post-synthetic modification of the networks with Lanthanum (III) ions produced lanthanum 

functionalised POPs (La-POP) which were used for the hydrolytic degradation of MP 

(Fig. 1.9). The retention of the porosity after functionalisation, confirmed from the BET 

surface area (SABET) helped to maintain accessibility of MP to the pores in the microporous 

network containing the metal active sites, increasing the reaction rate for the hydrolysis of 

MP, with a 12 times increase in the rate compared to the uncatalysed reaction.110 The 

breakdown of MP was studied with the La-POPs at 60 °C using a 4-ethylmorpholine buffer in 

ethanol to enhance solubility of MP and the breakdown products and prevent poisoning of the 

Lanthanum metal centres.  

A similar study showed that supercritical CO2 processing of a POP containing Al(porphyrin) 

groups could be used for the methanolysis of MP at 60 °C. Supercritical activation of the 

POP was shown to produce materials with higher surface areas, greater extents of 

mesoporosity and increased total pore volumes. This led to enhanced breakdown rates and 

recyclability of the catalyst compared to the same thermally activated material by improving 

mass transport of MP and breakdown products within the polymeric network.111 
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Fig. 1.9 Hydrolysis of MP using a Lanthanum functionalised POP network (La-POP). 

Redrawn (modified) from reference.110  

 

1.4 Hypercrosslinked polymers (HCPs)  
 

Hypercrosslinked polymers (HCPs) represent a class of low cost POPs. The permanent 

porosity in the networks occurs as a result of extensive crosslinking, where by rigid bridges 

are introduced between polymer chains, preventing collapse of the polymer chains into a 

dense, non-porous state. The resulting porous networks exhibit many desirable properties 

including high SABET, excellent thermal stability, and swelling of their networks in both 

liquids and gases.112-114 The swelling of the HCP networks in liquids is a desirable property of 

HCPs which can be utilised as shown from the work in this thesis.  

1.4.1 HCP synthesis routes  
 

HCPs can be synthesised using three main strategies. The first is based on the Friedel-Crafts 

crosslinking between linear polystyrene chains or swollen polystyrene-divinylbenzene gels 

using multifunctional external crosslinker molecules such as chloromethyl ether, with 
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Iron(III) chloride (FeCl3) used as the Lewis acid catalyst. This method was used to form 

hypercrosslinked polystyrene, which was the first polymer of this kind to be produced in the 

early 1970s by Davankov and Tsyurupa.115, 116 These polymers, more commonly known as 

Davankov-type resins, can also be formed by crosslinking the chloromethyl groups in 

poly(divinylbenzene-co-vinylbenzyl chloride) using FeCl3 as catalyst (Fig. 1.10).117  

 

 

Fig. 1.10 Post-crosslinking of poly(divinylbenzene-co-vinylbenzyl chloride) using FeCl3 as a 

Lewis acid catalyst to form hypercrosslinked polystyrene. Synthesis scheme redrawn 

(modified) from reference.117  

Self-condensation of small molecule monomers can also be used to produce HCP networks. 

This method provides a direct approach to the synthesis of HCPs since it does not require the 

need to synthesise the precursor crosslinked polymer, as is true for the first method, or use 

external crosslinker molecules. Bis(chloromethyl) aromatic monomers such as 

dichloroxylene and 4,4’-bis(chloromethyl)-1,1’-biphenyl are used, which are capable of 

undergoing the polycondensation reaction.118 Further research on the synthesis of HCPs via 

this route has shown that the pore size distribution of the HCP networks can be tuned by 

varying the co-solvent used alongside the reaction solvent, 1,2-dichloroethane (DCE).119 

Using benzene as the reactive co-solvent resulted in a mesoporous/macroporous pore size 

distribution compared to a predominately microporous network when using non-reactive 

hexane or cyclohexane as the reaction co-solvent. Functionalising the dichloro monomers 

with imidazole prior to crosslinking using FeCl3 can help to introduce functionality into the 

networks, beneficial for enhancing the CO2 uptake capacity of the HCPs.108, 120 The 
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self-condensation route has also been used in the Friedel-Crafts catalysed self-condensation 

of benzyl alcohol, where by the alcohol is displaced by the aromatic ring (Fig. 1.11).121 A 

reaction of this type does not require a multifunctional monomer or external crosslinker, 

representing one of the simplest routes to form HCPs.  

 

Fig. 1.11 Synthesis of a HCP network by Friedel-Crafts catalysed self-condensation of benzyl 

alcohol monomer units. Synthesis scheme redrawn (modified) from reference.121  

 

HCPs can also be prepared by the Friedel-Crafts alkylation of aromatic monomers using low 

cost external crosslinker molecules such as formaldehyde dimethylacetal (FDA). This 

process, known as “knitting” was originally used to crosslink benzene monomers with FDA, 

producing a HCP with a SABET of 1391 m2 g-1 (Fig. 1.12).122 By varying the nature of the 

monomer, the SABET of the HCP can be enhanced. For instance, knitting tetraphenylethylene 

can result in a HCP with SABET of up to 1980 m2 g-1, one of the highest reported SABET for a 

HCP synthesised via the knitting route.123 Networks based on the co-polymerisation of 

benzene and aniline,124 chiral networks created using binaphthol as monomer,125 and knitting 

of aromatic heterocycles,126 have also been achieved in recent years using this method. 

Knitting allows the production of polymer networks with different chemical functionality in a 

facile process allowing for the properties of the networks to be modified towards using the 

HCPs in applications including CO2 capture.124, 125, 127  
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Fig. 1.12 Synthesis of a HCP derived from benzene, synthesised by the so-called “knitting” 

route using FDA as external crosslinker. Synthesis scheme redrawn (modified) from 

reference.114  

 

The external crosslinker employed for knitting is often FDA due to the fact it is commerically 

available and the high reactivity of the central carbon atom towards nucleophilic attack from 

the aromatic rings. That said, other external crosslinkers have also been employed including 

FDA variants such as trimethyl orthoformate to successfully form HCPs.127 

1,4-Dimethoxybenzene was used as a crosslinker in place of FDA to form HCPs from a range 

of monomers including toluene and biphenyl.128 This crosslinker helped to improve the 

degree of conjugation in the resulting HCP network by preventing a break in conjugation as 

occurs in the networks of the HCPs synthesised using FDA. Tris-functionalised crosslinkers 

can also be used as was demonstrated when 1,3,5-tris(bromomethyl)benzene was used as 

crosslinker alongside 1,3,5-triphenylbenzene in order to produce HCPs for gas storage using 

Aluminium(III) chloride (AlCl3) or FeCl3 as catalysts.129 

More recently, alternatives to using strong Lewis acid catalysts such as FeCl3 or AlCl3 have 

been explored. While FeCl3 is a cheap catalyst, the need to use stoichiometric amounts in the 

synthesis of HCPs can limit the synthesis of HCPs on a large scale using the knitting 

procedure. The knitting reaction is highly exothermic and on a large scale can result in the 

reaction reaching reflux before all of the FeCl3 has been added to the reaction. Therefore 

metal free synthesis of HCPs using Bronsted acids such as trifluoromethane sulfonic acid, 

concentrated sulfuric acid or hydrochloric acid was explored.130-132 The effect of changing the 

catalyst can also alter the polarity of the resulting HCP; formation of a metal free, more 

hydrophobic network enhanced the selectivity of a HCP synthesised using trifluoromethane 
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sulfonic acid towards the hydrophobic substrate hydroxymethylfurfural (HMF).131 More 

recently, a sulfonated HCP synthesised via a self-condensation metal-free route using H2SO4 

as catalyst was used for the selective capture of Sr and Cs ions from aqueous solution.109 

Both high uptakes and selectivities for these two ions over other competing ions were 

observed for the metal-free synthesised HCP, compared to the HCP synthesised via the 

traditional Lewis acid route, which contained competing residual iron. 

In addition to changing the catalyst to help improve the scalable production of HCPs, the 

starting monomer can also be sourced more sustainably. Initially relatively cheap monomers 

including benzene, biphenyl, and phenol were used to synthesise the HCPs,122 however more 

recently it has been shown more sustainable monomers including pitch,133, 134 low-cost coal 

tar,135 and waste expanded polystyrene foam,136 can be crosslinked using the knitting route to 

produce HCPs which possess good porosity and CO2 uptake capacities. Using sustainable 

feedstocks can even be combined with changing the reaction catalyst to improve the synthesis 

of HCPs on a large scale. This was shown for a HCP synthesised from asphalt (bitumen) 

catalysed by heteropoly acids.137  

1.4.2 Swelling of HCPs  
 

HCP networks are formed in a highly solvated swollen state by the reaction solvent, often 

1,2-dichloroethane (DCE). Removal of the solvent during the work-up and drying stage of 

the HCP leads to the development of strong inner stresses within the network, as rigid bridges 

produced from the crosslinker prevent collapse of the network. The resulting low density 

HCP exhibits an easily accessible network, with pores created upon removal of the reaction 

solvent being accessible to molecules of inert gas and also relatively large organic molecules. 

Incoming solvent molecules can occupy such pores, helping to relieve the stress created 

during formation of the HCP in the dry state. Expansion of the network, termed swelling, 

when occupied by solvent helps to enable the HCP network to return to its lowest energy 

state, this being the solvated form of the network formed during the synthesis of the HCP 

network.138  

During the development of hypercrosslinked polystyrene in the 1970s, Davankov and 

Tsyurupa discovered a unique property of HCPs.115, 116 As well as being able to swell in 

thermodynamically good solvents (solvents where the interactions between the polymer 

chains and the solvent are greater compared to inter chain interactions), the crosslinked 
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polystyrenes also exhibit the unique ability of swelling in poor solvents, where the polymer-

solvent interactions are weaker compared to inter chain polymer interactions. Poor solvents, 

such as methanol, are generally used as precipitating media for linear polymers such as linear 

polystyrenes. Inner stresses of the polymeric network in the dry state allows for both 

thermodynamically good solvents and also poor solvents to solvate the polymer chains 

through helping to relieve the stress within the dry state network.   

Utilising the swelling feature HCPs possess is of interest for use in a variety of applications 

including; sorbents for organic vapours,139 ion exchange resins,140, 141 removal of toxic trace 

metals,142, 143 solid phase extraction,144 and recovery of organic compounds from water.145, 146  

Triptycene-based HCPs, prepared via the knitting route could produce networks with a SABET 

of 1426 m2 g-1. High adsorption capacities for organic solvents including dimethylsulfoxide, 

toluene, and ethyl acetate were observed, with a 30 times increase in the mass of the polymer 

(3000 wt%) reported for adsorption of chloroform.147 Benzylation of β-cyclodextrin units 

followed by a subsequent crosslinking reaction using FDA as external crosslinker produced 

porous networks with a SABET of 1225 m2 g-1.148 The resulting water insoluble β-cyclodextrin 

networks were utilised for the uptake of phenol and its derivatives including 4-nitro- and 

4-chloro phenol from aqueous solution, demonstrating high efficiencies with a molar 

percentage of adsorbate to β-cyclodextrin exceeding 300 %. Crosslinking of β-cyclodextrin 

with rigid aromatic linkers via a nucleophilic aromatic substitution reaction has also been 

achieved for the capture of an organic pollutant (bisphenol A) from aqueous solution.149 Fast 

rate constants, 15–200 times greater than activated carbon based materials, were observed.  

Using HCPs as sorbents in applications such as those mentioned above often involves 

adsorption from aqueous solutions where the ability of HCPs to swell in poor solvents 

provides an advantage over other classes of framework materials. Network rigidity 

determined by the extent of crosslinking, the polarity of the polymer and the solvating state of 

the growing polymer chains (nature of the porogen used), and are all important factors which 

can affect the swelling of the HCP in aqueous solutions.150, 151 Crosslinking of a styrene 

copolymer (containing 0.5 wt% DVB) with increasing amounts of monochlorodimethyl ether 

as external crosslinker showed the degree of swelling in water rather than the specific surface 

area of the polymer had the biggest impact on the ability of the polymer to extract organic 

substances such as dyes from aqueous solution.152 As a result, it is desirable to maximise the 

amount of swelling of HCPs in liquids in order to enhance uptake. A greater amount of 
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swelling for the HCP could also reduce the mass of polymer which is needed to allow for 

complete uptake. This is beneficial for many applications including in using HCPs for 

immobilisation of CWAs.  

Besides swelling, when HCPs come directly into contact with liquids, HCPs can also undergo 

organic vapour adsorption. For instance, high uptakes for both benzene (545 mg g-1) and 

cyclohexane (1736 mg g-1) vapours were observed using bismaleimide and DVB 

hypercrosslinked co-polymers.153 It is important to note the difference in swelling of the 

polymer that is observed depends upon the swelling method (vapour or liquid adsorption). 

The swelling of polymeric networks in liquids is always higher compared to the swelling 

observed for swelling of the same polymer in its corresponding saturated vapours.154, 155 This 

is governed by Schroeder’s paradox and implies the absolute activity of any sorbate in its 

liquid form is always larger than in the form of its saturated vapour.156, 157 As a consequence, 

if a polymer is exposed to a saturated vapour rather than its pure liquid, there will be a 

reduced uptake. This is likely to be explained due to insufficient swelling of the polymer 

network (expansion of pores) when saturated vapours are used. A detailed study of swelling 

using spherical particles of a porous polymer, Amberlite XAD7HP resin, in tetraethoxysilane 

vapour revealed a much slower process for swelling of the network in vapour compared to 

the expected swelling of the network in liquid, with swelling in liquids often occurring too 

rapidly to allow for the process to be observed.158 The penetration of the tetraethoxysilane 

vapour into the polymeric network resulted in the gradual swelling of the pore walls, in 

contrast to swelling of polymer networks in liquids which is almost instant, resulting in fast 

penetration where the rate of swelling is mainly controlled by stress relaxation. A more recent 

study observed the liquid swelling of spherical porous styrene-divinylbenzene polymer 

particles (Amberlite resins) in the solvent ethanol, measuring the expansion force exerted on 

the polymers upon swelling of the mesoporous polymers.159 The amount of swelling was 

dependant on the stress exerted on the polymer upon swelling; the more porous particles 

possessing a lower degree of stress on swelling and hence larger swelling compared to the 

less porous particles.  

1.4.3 Scholl coupled HCPs  
 

One other, less adopted method to form HCPs is via the Scholl coupling reaction.160 This 

method of network formation involves the aryl–aryl bond coupling using a strong Lewis acid 
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catalyst as an oxidant for the oxidative coupling between aromatics. AlCl3 is usually 

employed as the catalyst, with a range of monomers including 1,3,5-triphenylbenzene, 

pyrrole, triphenylamine, and polycyclic aromatics (amongst others) having been used to 

produce Scholl coupled HCPs.160-163 Compared to HCPs synthesised via the knitting route, 

the Scholl coupling reaction produces HCPs with a higher degree of conjugation, useful for 

preparing fluorescent polymers. However often during the Scholl reaction, the reaction 

solvent such as dichloromethane or chloroform participates in the crosslinking reaction and 

results in a proportion of bridges inserted between the monomers, referred to as solvent 

knitting.133, 163-166 Compared to HCPs synthesised by the FDA knitting route, HCPs 

synthesised by the solvent knitting reaction occur at a slower reaction rate due to the lower 

reactivity of the solvent crosslinker (DCM) compared to the external crosslinker (FDA). This 

was shown for HCPs synthesised from 1,3- and 1,4- diphenylbenzene monomers via the 

solvent knitting route, producing HCPs with higher SABET and greater microporous networks 

compared to HCPs produced solely from Scholl coupling or FDA knitting. This occurs due to 

the higher crosslinking degree and greater free-packing between monomer units for the 

solvent knitted HCPs.167 Similar to knitted HCPs, Scholl HCPs can undergo post-

modifications to introduce chemical functionality to assist in their application. Post-

fluorination of Scholl coupled HCPs synthesised from a range of aromatic monomers helped 

to increase the CO2/N2 selectivity for the fluorinated forms of the Scholl coupled HCPs.168 

1.5 Aims and overview of work in thesis  
 

In the work presented in this thesis, designing materials for the decontamination of CWA 

stockpiles is targeted, attempting to achieve this by combining the benefits of physical and 

chemical decontamination. As outlined in the introduction there is still a need to develop 

materials which are effective for CWA decontamination, which can operate under practically 

relevant conditions, at ambient temperature without the use of large quantities of bulk-phase 

water. POPs are a promising class of materials to explore for this task. 

Initially, we investigate the effectiveness of HCPs to act as universal sorbents to allow for the 

uptake of a range of liquid CWAs, screening materials against simulants prior to testing the 

materials against CWAs (Chapter 2). HCPs are chosen for this task following work already 

performed in the group which showed a HCP synthesised from knitting benzene uptakes CO2 

by physical swelling of its network.114 The high swelling of HCPs along with their cheap 
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synthesis to enhance scalability was the reason HCPs were chosen for the task of uptaking 

liquid CWAs.    

Chemical decontamination of nerve agents (GB and VX) and the nerve agent simulant MP is 

targeted exploring ways to achieve breakdown via a simple means using nitrogen containing 

bases (Chapter 3). The successful performance of the bases against MP, GB, and VX 

prompted an investigation of routes to incorporate base units into the HCP sorbents. 

Following on from the results of this, the use of hydroxide containing polymers for the 

breakdown of nerve agents (Chapter 4) and blister agents (Chapter 5) were assessed, in 

order to work towards eliminating the use of bulk phase water for the breakdown of the 

CWAs. Reducing and/or eliminating the amount of water required for the breakdown would 

help to reduce the mass of materials required to allow for the stockpile destruction of a given 

CWA.  

Compared to other systems reported in the literature where by breakdown of CWAs and 

simulants occurs on the timescale of minutes, the breakdown using functionalised POPs such 

as hydroxide containing polymers in this work was designed for breakdown to occur over a 

longer period of time, on the timescale of hours to days. This timescale is more likely to be of 

benefit in the stockpile destruction of CWAs, whereby large volumes of liquid CWAs are 

decontaminated in exothermic reactions. A slower breakdown at ambient temperature, after 

the initial immobilisation of the liquid CWA by a sorbent is therefore preferred. In addition, 

the polymers synthesised in this work were designed to breakdown CWAs at ambient 

temperature, testing the polymers against CWA simulants or CWAs under more practically 

relevant conditions compared with many systems reported in the literature, which involve the 

use of aqueous buffer solutions in the presence of a large excess of water. Therefore, 

breakdown at ambient temperature in the absence of buffer and using the minimal amount of 

water was required to improve the practical application for the decontamination systems 

discussed in the thesis.  
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2.1 Abstract 
 

The need for porous materials to function as sorbents in order to allow for bulk uptake of 

chemical warfare agent (CWA) stockpiles is of significant importance in the world today. 

Hypercrosslinked polymers (HCPs) represent a class of such sorbents being produced using 

the facile and tuneable so-called “knitting” procedure. In this chapter, the swelling feature 

HCPs possess is utilised in order to allow for the uptake of liquid CWA simulants. Several 

HCPs are reported and their properties including the Brunauer–Emmett–Teller surface areas 

(SABET) and uptake of a range of liquid CWA simulants are examined using two reliable 

methods which have been developed. The more successful HCPs are then tested against real 

agents including sarin (GB) and sulfur mustard (HD) revealing uptakes close to 20 mL g−1.  

 

2.2 Results and discussion   

 

2.2.1 HCP synthesis   
 

The HCP polymers were prepared according to Scheme 2.1 using the “knitting” approach 

with formaldehyde dimethylacetal (FDA) as crosslinker.1 The monomer used, as well as the 

ratio of crosslinker to monomer, was varied with a view to maximising the uptake of the 

networks towards the liquid CWAs.  

 

Scheme 2.1 The synthesis of HCP networks. 
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The HCPs were isolated as either brown or black powders, with the majority of the HCPs 

being obtained in yields of 90–120% (Appendix A2, Table A2.1). Microanalysis data 

obtained for the HCPs showed disagreements between the theoretical and experimental 

values (Table 2.1). These discrepancies became more pronounced as more of the FDA 

external crosslinker was used.   

Table 2.1 Microanalysis for HCPs derived from toluene, chlorobenzene, fluorobenzene, 

anisole, and phenol using 2 or 3 equivalents FDA with respect to the monomer. The amount 

of FDA was varied from 1.5 to 5.0 equivalents, with respect to the toluene monomer, for the 

toluene derived HCPs.  

Monomer FDA  

equivalents 

Theoretical 

Carbon 

 (%) 

Actual 

Carbon  

(%) 

Theoretical 

Hydrogen  

(%) 

Actual 

Hydrogen 

 (%) 

Toluene 1.5 91.84 87.94 8.16 6.53 

Toluene 1.6 91.76 85.84 8.24 6.47 

Toluene 1.7 91.69 86.73 8.31 6.53 

Toluene 1.9 91.54 86.25 8.46 6.51 

Toluene 2.0 91.47 85.56 8.53 6.29 

Toluene 2.3 91.27 84.43 8.73 6.33 

Toluene 2.5 91.88 84.36 8.12 6.27 

Toluene 2.7 91.74 84.53 8.26 6.30 

Toluene 3.0 91.55 82.48 8.45 6.00 

Toluene 4.0 91.61 80.61 8.39 5.89 

Toluene 5.0 91.67 76.37 8.33 5.58 

Chlorobenzene 2.0 69.33 66.61 5.09 3.75 

Chlorobenzene 3.0 71.30 65.99 5.32 3.66 

Fluorobenzene 2.0 78.67 76.01 5.78 4.24 

Fluorobenzene 3.0 79.39 72.87 6.66 4.05 

Anisole 2.0 80.56 75.68 7.51 5.55 

Anisole 3.0 81.60 70.68 7.53 5.01 

Phenol 2.0 79.97 71.72 6.71 5.02 

Phenol 3.0 81.17 67.55 6.81 4.71 
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Deviation from the theoretical microanalysis and yields greater than 100% are a common 

occurrence in the synthesis of HCPs.2, 3 Adsorption of atmospheric molecules, such as water, 

entrapped catalyst, or solvent molecules, along with deviation from the idealised structure 

most likely due to incomplete reaction of the crosslinker which would be more pronounced at 

higher FDA equivalents can help to account for these discrepancies.2, 4  

Thermogravimetric analysis (TGA) of the HCPs revealed mass losses between 0.5 and 

4.0 wt% for most of the polymers upon heating to 150 °C (Table 2.2).  

Table 2.2 The initial mass loss in the TGA profile for the HCPs after heating to 150 °C under 

a flow of nitrogen with an isothermal step for 60 minutes. A typical TGA profile obtained for 

the HCPs using this procedure is shown in Fig. A2.1.  

Monomer  Equivalents of 

FDA 

Mass loss  

(wt%) 

Toluene  1.5 0.8 

Toluene  1.6 1.0 

Toluene  1.7 1.5 

Toluene  1.9 0.9 

Toluene  2.0 1.0 

Toluene  2.3 1.1 

Toluene  2.5 0.9 

Toluene  2.7 1.0 

Toluene  3.0 2.7 

Toluene  4.0 2.0 

Toluene  5.0 3.1 

Chlorobenzene 2.0 0.5 

Chlorobenzene 3.0 0.5 

Fluorobenzene 2.0 0.5 

Fluorobenzene 3.0 0.9 

Anisole  2.0 1.3 

Anisole 3.0 3.7 

Phenol  2.0 4.6 

Phenol 3.0 7.5 
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The HCP synthesised from the more polar phenol monomer showed a higher mass loss likely 

due to more water adsorption as a result of hydrogen bonding between adsorbed water 

molecules and the hydroxyl groups in this network.  

X-ray photoelectron spectroscopy (XPS) of the toluene HCPs prepared with 2 and 5 

equivalents of FDA indicated residual iron contents of 0 and 0.3%, respectively (Fig. 2.2). 

An increase in the oxygen content with higher equivalents of FDA crosslinker was also 

observed suggesting the presence of defects in the network caused by incomplete bridge 

formation when higher amounts of FDA were used. 

 

 

Fig. 2.2 Atomic composition (%) from XPS analysis for toluene HCPs prepared using 

(a) 2 equivalents and (b) 5 equivalents of FDA crosslinker. 

Scanning electron microscopy (SEM) micrographs obtained for the fluorobenzene, toluene, 

chlorobenzene, and anisole derived HCPs formed using 2 equivalents of FDA displayed a 

morphology consisting of rough, amorphous particles (Fig. 2.3). The network prepared from 
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phenol showed a fused sphere morphology, consistent with previously reported HCPs derived 

from phenol or binaphthol.1, 3  

 

 

Fig. 2.3 SEM micrographs obtained for (a) fluorobenzene, (b) toluene, (c) chlorobenzene, 

(d) anisole, and (e) phenol derived HCPs, all prepared using 2 equivalents of the FDA 

crosslinker. Scale bar represents 1.00 µm.  

 

Nitrogen adsorption–desorption gas sorption isotherms for the HCPs revealed a combination 

of type I and type IV isotherms (Fig. 2.4), with SABET of between 58 and 872 m2 g−1 

(Table 2.3). Hysteresis was more significant for the most porous HCPs, which may be due to 

capillary condensation of nitrogen in mesopores during adsorption.5 The total pore volumes, 
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as calculated from the nitrogen isotherms showed an increase in the total pore volume with 

increasing the SABET of the networks (Table 2.3). 

 

Table 2.3 Summary of the SABET and total pore volumes (Vtotal) obtained for HCPs prepared. 

Vtotal calculated from nitrogen isotherm in the range P/Po=0.89–0.99. 

Monomer Equivalents of FDA SABET (m2 g-1) Vtotal (cm3 g-1) 

Toluene 1.5 171 0.14 

Toluene 1.6 452 0.34 

Toluene 1.7 602 0.46 

Toluene 1.9 731 0.56 

Toluene 2.0 860 0.62 

Toluene 2.3 746 0.56 

Toluene 2.5 872 0.66 

Toluene 2.7 800 0.60 

Toluene 3.0 852 0.61 

Toluene 4.0 810 0.56 

Toluene 5.0 746 0.51 

Chlorobenzene 2.0 88 0.12 

Chlorobenzene 3.0 319 0.41 

Fluorobenzene 2.0 483 0.38 

Fluorobenzene 3.0 698 0.52 

Anisole 2.0 627 0.41 

Anisole 3.0 637 0.40 

Phenol 2.0 58 0.05 

Phenol 3.0 110 0.12 
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Fig. 2.4 Nitrogen isotherms for HCPs prepared using 2 equivalents of FDA obtained at 77K. 

Adsorption (filled symbols), desorption (empty symbols). Data offset by 20 mmol g-1 (using 

5 mmol g-1 increments) for clarity. Isotherms for the toluene derived HCPs (with varying 

amounts of FDA) and the HCPs prepared from chlorobenzene, fluorobenzene, toluene, 

anisole, and phenol using 3 equivalents of FDA are shown in Fig. A2.2. 

IR spectroscopy carried out on five of the toluene HCPs (Fig. 2.5) showed peaks at 1600, 

1500, and 1450 cm−1 which occur due to C=C stretches from the aromatic rings in the 

network. The peak at 3000 cm−1 can be assigned to the C–H stretching vibrations of the 

aromatic rings, which weakens in its intensity along with the bending vibrations (900–

600 cm−1) as more FDA crosslinker is used. With increasing amounts of crosslinker, the peak 

occurring at around 1100 cm−1, usually arsing due to C–O stretches, becomes more intense. 

Several peaks in the 1670–1760 cm−1 region of the spectra also become more intense 

(Fig. 2.5) with increasing amounts of crosslinker with their exact position varying from 

polymer to polymer (Fig. A2.3-6). 
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Fig. 2.5 IR spectra for toluene HCPs prepared using 1.5–5.0 equivalents of FDA. 

 

Peaks occurring in the 1670–1760 cm−1 regions of the IR spectra for HCPs have previously 

been assigned to carbonyl groups, formed by oxidation occurring due to the mildly oxidising 

conditions of the reaction.6-8 Vibration overtones of substituted benzene rings can also occur 

as high as 1600–2000 cm−1, suggesting other assignments of these peaks are possible.9  

Several test reactions were carried out to see if and how carbonyl groups could form from the 

monomers used to synthesise the HCPs. Treatment of toluene with FeCl3 under the same 

reaction conditions used for the HCP synthesis (80 °C, 18 hours reflux in DCE) did not result 

in carbonyl formation, as indicated by the absence of an aldehyde peak in the 1H NMR of the 

crude reaction mixture (Fig. 2.6).  
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Fig. 2.6 1H NMR (in dimethyl sulfoxide-d6) obtained for the toluene oxidation test reaction, 

showing the absence of any aldehyde peak at around 9–10 ppm. 

 

The reaction of benzyl methyl ether with FeCl3 was also carried out to establish if oxidation 

of any unreacted methoxy groups from incomplete bridge formation during network 

formation could give rise to aldehyde or carboxylic acid groups. The treatment of benzyl 

methyl ether with FeCl3 (80 °C, 18 hours reflux in DCE) produced a porous solid (SABET of 

529 m2 g−1) via self-condensation of the monomer in the absence of FDA.10 The FTIR 

spectrum for the solid produced did show peaks at 1657 and 1709 cm−1, peaks absent from 

the FTIR spectrum of the benzyl methyl ether monomer (Fig. 2.7). Further evidence to 

support these peaks occurring due to the presence of carbonyl groups proved difficult due to 

the insoluble nature of the porous solid. 

 



Chapter 2 HCPs for immobilisation of CWA stockpiles                                                           
 

57 
 

 

Fig. 2.7 IR spectrum for the HCP derived from benzyl methyl ether synthesised via the FeCl3 

self-condensation of the monomer (top spectrum) and benzyl methyl ether monomer without 

FeCl3 treatment (bottom spectrum).  

 



Chapter 2 HCPs for immobilisation of CWA stockpiles                                                           
 

58 
 

13C cross-polarization magic-angle spinning NMR (ssNMR) was carried out on the toluene 

HCP networks prepared with varying equivalents of FDA (Fig. 2.8). The spectra showed 

peaks at 135 and 129 ppm for the HCP prepared with 1.5 equivalents of FDA, which can be 

assigned to substituted and non-substituted aromatic carbons respectively. The peak assigned 

to the substituted carbon predominates for the HCPs prepared with greater than 2 equivalents 

of FDA. The peak at 36 ppm corresponding to the carbon of the methylene linker was present 

for all HCPs, along with the peak at 20 ppm, which corresponds to the methyl carbon of the 

toluene monomer. The presence of this peak confirms the methyl group survives the 

crosslinking process and is unlikely to undergo oxidation. This is in agreement with toluene 

HCPs prepared previously.1 Very low intensity peaks at 192 and 168 ppm also occurred in 

the spectrum for the HCP prepared with 5 equivalents of FDA. This indicates that very few 

carbonyl groups may exist in the polymer network. It is also worth noting the existence of 

peaks at 59 and 69 ppm in the spectrum of the HCP prepared with 5 equivalents of FDA, 

which are absent from the spectra of the HCPs prepared with fewer equivalents. These peaks 

are consistent with the aliphatic carbons present in 13C NMR of benzyl methyl ether 

(Fig. A2.7), which supports the theory that incomplete crosslinking is more likely with higher 

equivalents of FDA due to incomplete bridge formation between aromatic monomer units; 

this observation has previously been reported for carbazole based HCPs.11  

The CP MAS NMR for the HCPs prepared with monomers other than toluene showed the 

same characteristic peaks (Fig. 2.8). The spectra obtained for HCPs derived from 

fluorobenzene, anisole, and phenol have a peak at 160 ppm (150 ppm for the phenol derived 

HCP) as a result of the aromatic carbon directly attached to the fluorine, methoxy, or 

hydroxyl group, respectively. In addition, the anisole-derived HCP also possessed a peak at 

60 ppm from the methyl carbon attached directly to the oxygen. Lower intensity peaks are 

present in the 180–200 ppm region for the spectra of the HCPs derived from phenol and 

anisole, similar to the toluene spectra with 5 equivalents of FDA. A peak at 15 ppm also 

features in the phenol and anisole based spectra, which may occur due to methylation of the 

aromatic rings by the acetal crosslinker.12  
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Fig. 2.8 Cross-polarization (CP) 13C MAS natural abundance NMR spectra for toluene 

derived HCPs prepared using 1.5, 2.0, 3.0 and 5.0 equivalents of FDA and HCPs derived 

from monomers other than toluene, using 2 equivalents of FDA. 
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In order for the HCPs to be used for CWA decontamination, the polymers must possess good 

stability towards basic and acidic conditions for a prolonged period of time. This was 

demonstrated by subjecting the HCP derived from fluorobenzene to strongly acidic (1 M 

aqueous sulfuric acid) or basic (1 M aqueous sodium hydroxide) solutions. Exposure to the 

acid or base for 24 hours had no noticeable effect on the porosity or chemical composition of 

the network as determined from the relatively similar SABET and elemental analysis values 

obtained before and after acid and base treatment, respectively (Table 2.4). While no 

chemical change was observed from the FTIR spectrum before and after treatment with acid 

or base (Fig. 2.9). 

 

Table 2.4 Elemental analysis, SABET and total pore volume (calculated from the nitrogen 

adsorption isotherm in the range P/P0=0.89–0.99) before and after treatment of the HCP 

derived from fluorobenzene with acid (1M aqueous sulfuric acid) or base (1M aqueous 

sodium hydroxide).  

 

 

 

 

 

HCP  

Elemental Analysis  Gas Sorption  

Actual Carbon 

(%) 

Actual Hydrogen 

(%) 

SABET  

(m2 g-1) 

Vtotal 

 (cm3 g-1) 

F-HCP (prior to treatment) 73.11 4.05 633 0.45 

F-HCP (after base treatment) 72.46 4.04 602 0.39 

F-HCP (after acid treatment) 74.73 4.16 669 0.46 
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Fig. 2.9 IR spectra for the HCP derived from fluorobenzene after treatment with acid 

(1 M aqueous sulfuric acid) or base (1 M aqueous sodium hydroxide) after 24 hours at room 

temperature (including a 1 hour reflux), compared to the fluorobenzene derived HCP without 

acid or base treatment.   

 

2.2.2 Determining uptake of liquids by HCPs  
 

In contrast to polymers such as styrene-divinylbenzene, prepared via free radical 

copolymerisation,13 the powdery nature of HCPs can make it difficult to obtain a quantitative 

measure of their uptake capacity in liquids. In order to allow for testing of the HCPs with 

CWA simulants and real agents, reliable, reproducible and scalable methods needed to be 

developed. To achieve this, three methods were developed and evaluated.  

The amount of uptake of a liquid by the polymer could be quantified as a volumetric uptake 

using the methods outlined on the next page, thereby providing an indication as to the amount 

of polymer required to immobilise a known volume of liquid CWA and/or simulant. A range 

of CWA simulants were used to determine the uptake capacity of HCPs prepared in this 
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chapter including; ethyl acetate (EtOAc), triethylamine (NEt3), dimethylformamide (DMF), 

and acetyl chloride (AcCl).  

Method 1 involved exposure of HCPs to liquids observing the volumetric uptake of the liquid 

by the HCP using Eppendorf tubes. In contrast, Methods 2 and 3 both involved recovery of 

excess liquid by filtration after exposure of the polymer to the liquid, which allowed the 

amount of liquid simulant absorbed by the polymer to be quantified. Method 2 involved 

recovery of excess liquid by filtration of the polymer/liquid solution through a glass wool 

plugged funnel. In contrast, Method 3 involved an inverted vial approach using an open 

capped vial, fitted with filter paper, as described in the experimental section.   

The results for the uptake using methods 1–3 were compared for uptake by the toluene and 

fluorobenzene derived HCPs with the CWA simulants NEt3, EtOAc, and DMF (Fig. 2.10). 

Method 3 resulted in the greatest error between measurements due to loss of simulant during 

the filtration stage. The powdery nature of the HCPs led to clogging of the filter paper, 

preventing all of the excess simulant from being recovered. Therefore giving rise to higher 

uptakes compared to the other two methods. In addition, Method 3 had an increased exposure 

risk due to the time taken to perform the measurement/filtration, with a higher chance of 

coming into direct contact with the CWAs if this method was to be used in order to test the 

HCPs against the actual CWAs. 

 

 

Fig. 2.10 Uptake of the three CWA simulants, NEt3 (red), EtOAc (blue), and DMF (green) 

using Method 1, Method 2, and Method 3 to determine the uptake capacity of the HCPs 

derived from toluene and fluorobenzene. Uptakes calculated as an average of three 

measurements, with errors calculated as the standard deviation. Tabulated data for each 

method shown in Table A2.2.  
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Methods 1 and 2 resulted in a better match with less error in the measurements; however, 

notably higher uptakes were obtained using Method 2. The higher values obtained for 

Method 2 were thought to occur due to failure to recover all the excess agent during the 

filtration stage. As a result, a series of polymer free simulant solutions over a range of 

volumes were filtered using Method 2. This showed on average approximately 0.5 mL of 

simulant was lost during the filtration stage using Method 2 (Table 2.5). Retention of the 

simulant by the glass wool plug and adhesion of simulant to the walls of the sample vial is 

likely to give rise to this loss.  

 

Table 2.5 Summary of experiments to determine the residual loss upon filtering different 

volumes of the CWA simulants EtOAc, NEt3, DMF, and AcCl, using the Method 2 

procedure. 

Simulant Simulant added 

(mL) 

Recovered simulant 

(mL) 

Simulant lost 

(mL) 

EtOAc 5.0 4.3 0.7 

EtOAc 4.9 4.3 0.6 

EtOAc 5.0 4.3 0.7 

NEt3 5.0 4.3 0.7 

NEt3 2.0 1.5 0.5 

NEt3 2.0 1.5 0.5 

DMF 5.1 4.4 0.7 

DMF 5.0 4.6 0.4 

DMF 5.1 4.5 0.6 

AcCl 1.7 1.2 0.5 

AcCl 1.7 1.3 0.4 

AcCl 4.6 4.2 0.4 

 

 

Taking this loss into account resulted in an approximate halving of the uptakes, affording a 

closer agreement between Methods 1 and 2 (Fig. 2.11). 
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Fig. 2.11 Comparison of the uptake capacity for the toluene and fluorobenzene derived HCPs 

(prepared using 2 equivalents of FDA) against the three simulants NEt3 (red), EtOAc (blue), 

and DMF (green) using Method 1 and Method 2, taking the loss of simulant upon filtering 

into account for Method 2. Uptakes calculated as an average of three measurements, with 

errors calculated as the standard deviation. Tabulated data shown in Table A2.2. 

Compared to the second method, Method 1 does not require any transfer of the 

polymer/simulant mixture and therefore no simulant is lost during the measurement. As a 

consequence this method limits potential exposure to the simulant or CWA. However, the 

scale-up of this method for increased quantities of polymer would prove difficult due to the 

size of the Eppendorf tubes. As a result, Method 2 was chosen to confirm the uptake capacity 

of the HCPs derived from toluene and fluorobenzene on a larger scale. The more benign ethyl 

acetate was used as the CWA simulant for the larger scale testing. Addition of both polymers 

to a fixed volume of ethyl acetate (5 mL) required 0.5–0.6 g of polymer for complete uptake 

of ethyl acetate. The toluene derived HCP required a larger mass of solid to allow for 

complete absorption (Fig. 2.12). This supported the results from the small scale experiments 

obtained using Method 1, whereby the fluorobenzene derived HCP possessed a higher uptake 

compared to the toluene derived HCP (Fig. 2.11). No release of the sequestered liquid was 

observed following complete uptake of the ethyl acetate. Due to the good correlation 

observed between Methods 1 and 2 and the advantages of Method 1 as outlined above, all 

further experiments to determine the uptake capacity by the polymers was calculated using 

Method 1.  
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Fig. 2.12 Scale-up experiments using Method 2 to determine the mass of HCP which was 

required for complete uptake of EtOAc using the fluorobenzene (F-HCP) and toluene 

(Me-HCP) derived HCPs. Each vial contained 5 mL EtOAc with an increasing mass of HCP 

(0.1–0.5 g for the F-HCP and 0.1–0.6 g for the Me-HCP) added to each vial. Amount of 

EtOAc uptaken for each mass of HCP calculated using Method 2.  

 

2.2.3 Varying the amount of FDA crosslinker 
 

Toluene was used as the simplest monomer in the series in order to investigate the effect of 

increasing the amount of FDA crosslinker, from 1.5 to 5.0 equivalents with respect to 

toluene, on the SABET and uptake of the networks towards the CWA simulants (Table 2.6). 

Increasing the amount of FDA resulted in a gradual increase in the SABET of the polymers as 

more crosslinking between monomer units occurred. The SABET peaked for the HCP prepared 

using 2 equivalents of FDA, and the value of 860 m2 g-1 was consistent to previously reported 

literature for toluene derived HCPs.1 Further increases in the amount of crosslinker used in 

the Friedel–Crafts reaction resulted in little change to the SABET of the networks. An increase 

in the steric hindrance around the central aromatic ring with increasing crosslinking likely 

prevents formation of the theoretical structure, in which an increasing number of aromatic 

positions are crosslinked. Consequently, the resulting networks exhibit a similar structure to 

the network obtained using 2 equivalents of the crosslinker. This is likely to explain why 

excessive equivalents of FDA are not often used for the synthesis of HCPs via the “knitting” 

route.1, 2  
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Table 2.6 Variation of the SABET, uptake, and swelling (in EtOAc) for the toluene derived 

HCPs prepared using 1.5 to 5.0 equivalents of the FDA crosslinker. Uptakes and swelling 

calculated as an average of three measurements using Method 1, with error calculated as the 

standard deviation. 

 

 

 

 

 

 

 

 

 

 

The toluene derived HCPs were assessed for uptake of the EtOAc simulant (Table 2.6). 

Almost all of the toluene derived HCPs showed uptakes of between 6 and 7.5 mL g−1 upon 

exposure to EtOAc. The HCPs prepared with fewer than 2 equivalents of FDA still showed 

an uptake in line with the more highly porous HCPs.  

The amount of swelling by the HCPs across the FDA series could be quantified using the 

same method (Method 1) for determining the uptake capacity of the HCPs. However for 

swelling, the volume increase of the HCP in the Eppendorf tube upon exposure to liquid was 

observed, see experimental for more details. The swelling of the HCPs in EtOAc across the 

series showed, like the uptake capacity, a constant swelling of the HCPs in EtOAc 

(Table 2.6). While the more porous networks formed with greater than or equal to 

2 equivalents of FDA are likely to have greater inner-stresses for their networks in the dry 

state, thereby having a greater tendency for the networks to swell. The increased flexibility of 

the networks produced when using lower amounts of crosslinker, 1.5 to 2 equivalents, may 

explain the constant swelling observed here across the FDA series. It would be expected that 

FDA 

equivalents 

SABET 

(m2 g-1) 

Uptake 

mL g-1 

Swelling 

mL g-1 

1.5 171 5.1 (+/- 0.4) 3.3 (+/- 0.3) 

1.6 452 6.7 (+/- 0.6) 5.3 (+/- 0.7) 

1.7 602 6.6 (+/- 0.6) 4.9 (+/- 0.6) 

1.9 731 6.7 (+/- 0.7) 5.1 (+/- 0.5) 

2.0 860 6.0 (+/- 0.6) 3.9 (+/- 0.4) 

2.3 746 6.6 (+/- 1.0) 5.0 (+/- 1.1) 

2.5 872 6.3 (+/- 0.9) 4.4 (+/- 1.0) 

2.7 800 5.2 (+/- 0.6) 3.5 (+/- 0.5) 

3.0 852 5.9 (+/- 0.3) 4.4 (+/- 0.0) 

4.0 810 5.0 (+/- 0.7) 3.6 (+/- 0.4) 

5.0 746 5.4 (+/- 0.5) 4.1 (+/- 0.6) 
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HCPs which possessed higher swelling would have larger uptake capacities due to greater 

expansion of the networks to allow for more uptake when exposed to liquid. Therefore, the 

tendency for the networks to swell to roughly the same extent across the series is thought to 

give rise to a constant uptake capacity of the HCPs synthesised with increasing amounts of 

FDA crosslinker.   

The results presented here imply the uptake of the liquid simulant is not solely governed by 

the SABET of the HCP. Whilst an increase in the SABET of the HCP with increasing the 

amount of FDA from 1.5 to 2 equivalents indicates more crosslinking and hence more strain 

of the HCP network in the dry state,14 promoting swelling and enhancing uptake. The 

increased rigidity of the polymer with more crosslinking is likely to hinder swelling and 

prevent an enhancement in the uptake capacity of the HCPs compared to the HCPs prepared 

with lower amounts of FDA. Therefore, the flexibility of the networks to allow for expansion 

when exposed to liquid is also likely to play an important role. Hence in this case, a constant 

trend in the uptake of EtOAc is seen for the HCPs when varying the amount of FDA.  

 

2.2.4 Varying the monomer for HCP synthesis 

  
The monomer used to form the HCPs was also varied with a view to maximising the uptake 

of the network towards the CWAs. Changing the nature of the monomer allowed for a series 

of HCPs to be produced. The monomers chosen varied in their reactivity towards the Friedel–

Crafts alkylation reaction, with all the HCPs initially prepared using 2 equivalents of the 

FDA crosslinker. The HCP derived from the chlorobenzene monomer exhibited a much 

lower SABET compared with the fluorobenzene derived HCP. The lower reactivity of the 

chlorobenzene monomer towards the Friedel–Crafts reaction likely resulted in less 

crosslinking and therefore a lower SABET when prepared using 2 equivalents of FDA (Fig. 

2.13). Interestingly, when 3 equivalents of FDA was used to crosslink chlorobenzene, a HCP 

network with a 319 m2 g−1 SABET was produced, suggesting incomplete crosslinking occurred 

with 2 equivalents of FDA. Increasing the amount of FDA used to 3 equivalents for the other 

monomers showed the change in surface area is more pronounced for the two least reactive 

monomers, chlorobenzene and fluorobenzene (Fig. 2.13). There is however very little change 

in the surface area for the other HCPs with no distinct increase in the surface area for the 

phenol derived HCP. 
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 Fig. 2.13 SABET for the HCPs derived from chlorobenzene, fluorobenzene, toluene, anisole, 

or phenol, using 2 equivalents (red bars) or 3 equivalents (blue bars) of the FDA crosslinker. 

Tabulated SABET data shown in Table 2.3.  

HCPs formed using chlorobenzene (3 equivalents) and phenol (2 equivalents) have been 

previously reported with SABET of 438 m2 g−1 and 400 m2 g−1, respectively.1 Our group have 

consistently found a low porosity polymer network is produced when using phenol to form 

the HCPs.15 A similar case is also observed when using the monomer aniline, which has 

enhanced reactivity towards the Friedel–Crafts reaction compared to phenol.2 The low 

porosity observed when using monomers such as phenol and aniline may arise due to the 

interaction of the hydroxyl or amine units of the monomers with the FeCl3 catalyst resulting 

in partial deactivation of the monomers. As shown here, using anisole as the monomer still 

resulted in a porous HCP network but with lower SABET compared with the toluene derived 

network, despite the anisole monomer being more reactive towards the Friedel–Crafts 

reaction.  

The uptake for all the HCPs prepared from the five monomers using 2 and 3 FDA equivalents 

was assessed in a range of CWA simulants (Fig. 2.14). The uptake of the liquids by the HCPs 

was largely independent upon the nature of the simulant, with a similar uptake shown for a 
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given HCP regardless of which simulant was used (Fig. 2.14). This is a feature expected for 

HCPs due to the tendency of the networks to swell in any liquid to relieve strain in the 

network, regardless of the liquids solvating properties on the polymer.13 The uptake of liquids 

by HCPs being largely independent on the nature of the liquid is a desirable feature HCPs 

possess in using these polymers as universal sorbents to uptake a range of liquid CWAs.  

Out of the HCPs prepared using two FDA equivalents, the greatest uptake was obtained for 

the fluorobenzene derived HCP, despite it possessing a lower SABET compared to the toluene 

and anisole derived HCPs (Fig. 2.14). This further confirmed the uptake by the HCPs is not 

solely governed by the SABET of the HCP, similar to the uptakes seen when varying the 

amount of FDA for the toluene derived HCPs (Table 2.6). Despite the lower SABET obtained 

for the HCPs derived from chlorobenzene and phenol using two FDA equivalents, they still 

showed a reasonable uptake of between 4 and 7 mL g−1. 
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Fig. 2.14 Uptake for the HCPs derived from chlorobenzene, fluorobenzene, toluene, anisole, 

or phenol, using 2 equivalents (red bars) or 3 equivalents (blue bars) of the FDA crosslinker, 

in three CWA simulants; EtOAc, NEt3, and DMF. Uptakes calculated as an average of three 

measurements with error calculated as the standard deviation. Tabulated data shown in 

Table A2.3.  
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While both the chlorobenzene and fluorobenzene derived HCPs both showed an increase in 

their SABET on increasing to 3 equivalents of FDA (Fig. 2.13), only the chlorobenzene HCP 

showed a large increase in its uptake with the simulants (Fig. 2.14). The uptake of this 

network increased to roughly that observed for the fluorobenzene derived HCP. Although 

increasing the amount of crosslinking by using 3 equivalents of FDA can allow for more 

strain of the HCP network in the dry state, enhancing swelling and hence uptake of liquid, it 

is likely that in some cases this may lead to a reduction in the mobility of the network. An 

increase in the amount of crosslinking for the fluorobenzene derived HCP when prepared 

using 3 equivalents of FDA increasing the rigidity of the network is likely to halt any further 

enhancement in the uptake performance of this HCP. This is confirmed when comparing the 

difference for swelling in EtOAc, for the HCPs prepared using 2 and 3 FDA equivalents 

(Fig. 2.15). This showed a reduction in swelling for the fluorobenzene HCP compared to a 

large increase for the chlorobenzene HCP upon increasing to 3 FDA equivalents. As 

expected, based on the change in uptake and SABET values on increasing to 3 equivalents of 

FDA, there is little change in the swelling of the toluene derived HCPs. The anisole derived 

HCP showed a slight decrease in swelling for the 3 equivalents of FDA prepared HCP, 

consistent with the small reduction in uptake in EtOAc. The uptake by the phenol-derived 

HCP could also benefit from increasing the amount of crosslinker to 3 equivalents, despite 

the SABET not increasing to a great extent (Fig. 2.14). 
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Fig. 2.15 Swelling in EtOAc for the HCPs prepared using 2 equivalents (red bars) and 

3 equivalents (blue bars) of FDA as crosslinker using chlorobenzene, fluorobenzene, toluene, 

anisole, or phenol as monomer. Swelling calculated as an average of three measurements 

using Method 1, with error calculated as the standard deviation. Tabulated data shown in 

Table A2.4. 
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The uptake of the AcCl simulant was assessed for the five HCPs prepared using 2 equivalents 

FDA (Fig. 2.16) showing a similar trend as the HCPs in EtOAc, NEt3, and DMF.  

 

 

Fig. 2.16 Uptake of AcCl (red bars) and SABET (black dots) for the HCPs derived from 

chlorobenzene, fluorobenzene, toluene, anisole, or phenol, using 2 equivalents of the FDA 

crosslinker. Uptakes calculated as an average of three measurements with error calculated as 

the standard deviation. Tabulated data shown in Table A2.3. 

 

2.2.5 Comparison of uptake to other microporous materials 
 

Other microporous solids including both inorganic (molecular sieves) and organic (activated 

carbon and CMP-1) were tested for the uptake of the simulants used in this study (Fig. 2.17). 

These materials gave much lower uptakes compared to the HCPs presented in this chapter, 

with the uptake of the comparison materials being roughly in line to the uptake of the worst 

performing HCP derived from phenol, prepared using 2 equivalents of FDA. This highlights 

the advantage HCPs possess for CWA uptake.  

This difference in uptake likely occurs due to the much larger swelling of the fluorobenzene 

derived HCP compared to the low swelling obtained for the comparison materials, especially 
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when compared to the swelling of the molecular sieves (Fig. 2.17). This low amount of 

swelling obtained for the comparison materials is despite all three materials possessing good 

levels of porosity,16 with the activated carbon and CMP-1 samples used here having a greater 

SABET compared to the fluorobenzene HCP (SABET=483 m2 g-1), with a SABET of 1079 and 

942 m2 g-1, respectively. This therefore again showing the SABET not to be a direct indicator 

as to which material would give rise to the greatest uptake of a liquid.  

 

Fig. 2.17 Comparison of the uptake (green bars) and swelling (orange bars) in EtOAc for a 

range of materials including; activated charcoal 100–400 mesh (AC-2), CMP-1, and 3 Å 

molecular sieves (MS), compared to the best (fluorobenzene derived HCP (F-HCP)) and 

worst (phenol derived HCP) performing HCPs, both prepared using 2 equivalents of FDA. 

Tabulated uptakes in EtOAc, NEt3, DMF, and AcCl are shown in Table A2.5. Tabulated data 

for swelling shown in Table A2.6. Uptakes and swelling values calculated using Method 1 as 

an average of three measurements, with errors calculated as the standard deviation.  
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2.2.6 Immobilisation of CWAs  
 

The two best performing HCPs derived from fluorobenzene and toluene, both synthesised 

using 2 equivalents of FDA, were tested against the CWAs GB, VX, and HD (Table 2.7). 

Both HCPs were found to be effective sorbents for all three agents, despite differences in the 

chemical structure and physical properties of the agents.17 The fluorobenzene derived HCP 

showed an enhanced performance against HD and GB, with values close to 20 mL g−1. This 

is in agreement with the small scale experiments carried out with the CWA simulants, which 

showed a higher uptake for the fluorobenzene derived HCP. This validates the work with the 

simulants, and also shows the potential of HCPs as sorbents for CWAs. 

 

Table 2.7 Uptakes for the HCPs derived from toluene and fluorobenzene in CWAs; HD, GB, 

and VX. Uptakes calculated using Method 1.  

HCP derived from HD GB VX 

Toluene  14.0 9.0 10.9 

Fluorobenzene 19.2 20.7 12.4 

 

 

2.3 Conclusions  
 

Two methods have been developed to determine the uptake of liquid CWA simulants by HCP 

type polymers. While the first method is clearly the most suitable method for the smaller 

scale testing of the polymers against CWAs and their simulants, the good comparison 

between Method 1 and 2 enables larger scale testing to be carried out using Method 2. 

While varying the synthesis conditions by increasing the amount of the external crosslinker, 

FDA, could result in a clear change in the SABET of the networks, the uptake of EtOAc by the 

HCPs remained independent upon the porosity of the networks. Increasing the amount of 

crosslinker to greater than 2 equivalents served no real benefit with regards to increasing the 

surface area or the uptake.  
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This works also suggested the existence of peaks that occur in the carbonyl region of the IR 

spectra are not due to the presence of carbonyl groups, but are likely the C=C stretching from 

substituted aromatic rings, which grow in intensity as a higher degree of substituted aromatic 

rings are formed with increasing amounts of FDA. These findings support recent work upon 

the assignment of these peaks in HCP networks,18, 19 and explain why the position of these 

peaks are dependent upon the monomer used to form the HCP. The small amount of mass 

lost from the polymers and the minimal levels of iron residues in the polymers as measured 

by TGA and XPS, respectively, indicate the discrepancies in the microanalysis data and 

greater than 100% yields are more a consequence of non-ideal network formation rather than 

the presence of contaminants in the polymer. The solid state NMR data suggested the 

formation of benzyl methyl ether carbons when the greatest amounts of crosslinker were 

used. This indicates incomplete crosslinking has taken place with larger amounts of FDA, 

which is not accounted for when calculating the theoretical mass and CHN data. 

Several HCPs were produced using the knitting approach with a fixed amount of external 

crosslinker (2 equivalents). The uptake of CWA simulants by the HCPs is largely 

independent of the nature of the simulant and appears only to be restricted by the porosity of 

the networks when HCPs are formed with low SABET. Increasing the amount of external 

crosslinker to 3 equivalents showed only an increase in the SABET for the two least reactive 

monomers (chlorobenzene and fluorobenzene). By contrast, chlorobenzene was the only HCP 

which showed an increase in uptake upon increasing to 3 equivalents; this was supported by 

the large increase in swelling of this network when prepared using 3 equivalents of FDA. The 

HCP derived from fluorobenzene was also shown to have the larger uptake despite not having 

the highest SABET. This work suggests the uptake of the CWA simulants by the HCPs is not 

directly proportional to the SABET of the polymers. As a result, maximising the surface area 

of the HCPs to increase uptake is likely to be effective only in cases were low porosity HCPs 

are initially produced.  

In contrast to a range of other organic and inorganic materials, HCPs outperformed these 

materials shown by the higher uptake capacity for a range of CWA simulants, which occurs 

due to the much larger swelling of HCPs compared to the other materials. The best 

performing HCPs derived from toluene and fluorobenzene were also shown to be effective 

for the uptake of real agents including HD, GB, and VX. 
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2.4 Experimental  
 

Materials  

All chemicals were purchased from commercial suppliers and used as received. 

Synthesis of HCPs using 2 or 3 equivalents of crosslinker. 

The monomer (chlorobenzene, fluorobenzene, toluene, anisole, or phenol) (10 mmol) was 

added to anhydrous 1,2-dichloroethane (10 mL) under a flow of nitrogen, followed by 

formaldehyde dimethyl acetal (20 mmol or 30 mmol for 2 or 3 equivalents, respectively). An 

equimolar amount of iron(III) chloride (20 mmol or 30 mmol for 2 or 3 equivalents, 

respectively) was added and the reaction mixture heated at 80 °C for 18 hours. After cooling, 

the solid product was removed by filtration and washed with methanol several times. The 

product was then further purified by Soxhlet extraction with methanol for 18 hours, followed 

by drying in vacuo at 60 °C for 18 hours. 

Synthesis of hypercrosslinked toluene networks with various equivalents of crosslinker.  

Toluene (10 mmol) was added to anhydrous 1,2-dichloroethane (10 mL) under a flow of 

nitrogen, followed by formaldehyde dimethyl acetal (15, 16, 17, 19, 20, 23, 25, 27, 30, 40, or 

50 mmol for 1.5, 1.6, 1.7, 1.9, 2, 2.3, 2.5, 2.7, 3, 4, or 5 equivalents of FDA, respectively). An 

equimolar amount of iron(III) chloride (15, 16, 17, 19, 20, 23, 25, 27, 30, 40, or 50 mmol) 

was added and the reaction mixture heated at 80 °C for 18 hours. After cooling the solid 

product was removed by filtration and washed with methanol several times. The product was 

then purified by Soxhlet extraction in methanol for 18 hours, followed by drying in vacuo at 

60 °C for 18 hours. 

Procedure for toluene oxidation test reaction.  

Toluene (10 mmol) was added to anhydrous 1,2-dichloroethane (10 mL) under a flow of 

nitrogen. Iron (III) chloride (20 mmol) was added and the reaction mixture heated to 80 °C 

for 18 hours. After such time a crude 1H NMR was taken in dimethyl sulfoxide-d6. 

Procedure for benzyl methyl ether test reaction. 

Benzyl methyl ether (10 mmol) was added to anhydrous 1,2-dichloroethane (10 mL) under a 

flow of nitrogen. Iron (III) chloride (20 mmol) was added and the reaction mixture heated to 



Chapter 2 HCPs for immobilisation of CWA stockpiles                                                           
 

78 
 

80 °C for 18 hours. The solid product was removed by filtration and washed with methanol 

several times. The product was then further purified by Soxhlet extraction in methanol for 18 

hours, followed by drying in vacuo at 60 °C for 18 hours. FTIR and gas sorption analysis 

(conducted using the same procedure detailed in the experimental section) was recorded on 

the obtained black solid.   

Characterisation 

Fourier transform infrared (FTIR). IR spectra were collected on a Bruker Tensor 27 using 

KBr disks for all prepared HCPs. An attenuated total reflection (ATR) set up was used to 

collect the spectra of the crude reaction mixture of the FDA test reaction and for the acid/base 

stability reactions. 

Gas sorption.  

All samples were degassed at 120 °C under vacuum for 15 hours prior to analysis. Nitrogen 

isotherms were collected on a Micromeritics ASAP 2420 gas sorption analyser at 77 K. BET 

surface areas were calculated using Brunauer–Emmett–Teller (BET) theory over the relative 

pressure range of 0.05–0.18 P/P0.  

Scanning electron microscopy (SEM).  

SEM micrographs were obtained using a Hitachi S-4800 Field Emission Scanning Electron 

Microscope (FE-SEM). The samples were loaded onto 15 mm Hitachi M4 aluminium stubs 

using an adhesive high purity carbon tab. The samples were coated using an Emitech K550X 

automated sputter coater (25 mA for 1.5–3 minutes). Imaging was conducted at a working 

distance of 8 mm and a working voltage of 3 kV using a mix of upper and lower secondary 

electron detectors. 

Solid state NMR.  

Toluene derived HCPs prepared with 1.5 and 5.0 equivalents of FDA were acquired by the 

solid-state NMR service at Durham University. Both spectra were recorded on a Bruker 

Avance III HD spectrometer operating at 100.63 MHz for 13C. Carbon-13 Cross polariation 

(CP) MAS spectra were acquired with Total suppression of Spinning Sidebands (TOSS) 

spinning sideband suppression at a spin rate of 10.0 and 11.0 kHz for the 1.5 and 5.0 

equivalents spectra, respectively. In both cases the recycle delay was 1 s and the contact time 
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was 5 ms. The 1.5 and 5.0 equivalents spectra were accumulated with 1405 and 56 100 scans 

respectively. 

The remainder of the spectra were acquired at Dstl (Defence Science and Technology 

Laboratory). All spectra were recorded at 9.4 Tesla using a Bruker AVIII 400 MHz solid 

state spectrometer equipped with a 1H/X 4 mm CP/MAS probehead. All samples were loaded 

into zirconia MAS rotors and spun at 10 kHz at ambient temperature. 1H–13C Cross 

polarisation (CP) MAS spectra were recorded using a TOSS routine to eliminate spinning 

sidebands. Typically 1–2 K of scans were recorded and a recycle delay of 10 s used. All 

spectra were acquired and processed using Bruker Topspin 3.5. 

Determining uptake and swelling  

The uptake capacity for the HCPs was determined using ethyl acetate, triethylamine, 

dimethylformamide, and acetyl chloride as the CWA simulants. Unprocessed 

(as-synthesised) polymer was used with Methods 2 and 3 (described in detail below). Milled 

polymer (obtained using pestle and mortar) was used for Method 1. Each experiment was 

carried out three times in order to obtain the error for each measurement as the standard 

deviation. 

Method 1.  

To an Eppendorf centrifuge tube (1.5 mL) a known mass of the milled polymer was added 

(10–30 mg). The simulant (1 mL) was added and the polymer allowed to stand in the chosen 

simulant for 18 hours. After this time, the height of the polymer in the tube was measured. 

The obtained height measurements could be converted to the volume occupied by the 

polymer in the tube by calibrating an empty centrifuge tube (1.5 mL) with known volumes of 

water (Fig. A2.8). The uptake was defined as the final volume of the swollen polymer (mL) 

divided by the mass of polymer used (g). In cases when sections of polymer floated to the top 

of the tube upon liquid exposure (toluene derived HCP in CWA HD), the volume for the 

polymer at the bottom of the tube was calculated in the same manner, while the volume of the 

floating polymer was calculated using πr2h (r = radius of Eppendorf tube and h = height of 

polymer).  

In order to determine the swelling of the polymer using this method, the initial volume of the 

polymer in the Eppendorf tube was taken into account. Therefore, the swelling was calculated 
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as the difference in volume between the swollen and initial polymer (mL) divided by the 

mass of polymer used (g).  

Method 2.  

The as-synthesised polymer (30 mg) was weighed into an empty vial and the simulant (5 mL) 

added. The polymer was allowed to stand in the simulant for 18 hours. After this time, the 

excess simulant was collected by filtration of the polymer/simulant suspension (using a 

funnel fitted with a plug of glass wool) into an empty pre-weighed vial. Measuring the 

amount of recovered agent allowed the amount of simulant absorbed by the polymer to be 

calculated. The uptake capacity of the HCP was calculated as the amount of simulant 

absorbed (mL) divided by the mass of polymer used (g). 

Method 3.  

The as-synthesised polymer (30 mg) was weighed into an empty vial and the simulant of 

interest (5 mL) added. The polymer was allowed to stand in the simulant for 18 hours. After 

this time, the vial cap was replaced with an open centred vial cap fitted with filter paper. A 

needle was inserted through the filter paper and the vial inverted to allow filtration of the 

excess simulant into an empty pre-weighed vial. Measuring the amount of recovered agent 

allowed the amount of simulant absorbed by the polymer to be calculated. The uptake 

capacity of the HCP was calculated as the amount of simulant absorbed (mL) divided by the 

mass of polymer used (g). 

Testing the uptake of CWAs; HD, GB, and VX.  

Due to the lethal toxicity of the agents, testing of the polymers with CWAs was carried out at 

Dstl by trained personnel. Method 1 was the preferred method for testing after attempts with 

Method 2. 

Procedure for larger scale uptake experiment  

The polymer (0.1–0.6 g) was weighed into an empty vial and the EtOAc simulant added 

(5 mL). The polymer was allowed to stand in the simulant for 18 hours. After such time, the 

mass of excess simulant was obtained by filtration of the polymer/simulant solution (using a 

funnel fitted with a plug of glass wool) into an empty pre-weighed vial. Calculating the 

volume of recovered agent (mL) allowed the volume of simulant absorbed (mL) by the 
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polymer to be calculated. Increasing amounts of polymer was added to each vial until no 

excess simulant was observed.  

Warning: Due to the lethal toxicity of chemical warfare agents, all breakdown experiments 

using GB, VX, and HD were carried out in a fully functional fume hood with the sash set to a 

minimum to reduce exposure. Standard personal protective clothing (safety glasses, lab coat 

and gloves) was used during the reactions. All glassware (vials, pipettes, eppendorf tubes) 

contaminated with GB or VX was decontaminated by allowing the glassware to soak 

overnight in aqueous sodium hypochlorite (14% available chlorine), prior to rinsing with 

water. All equipment (vials, pipettes, eppendorf tubes) contaminated with HD was 

decontaminated by allowing to soak in a potassium hydroxide solution (10% KOH in 

ethanol/water/DMSO, 1:1:3 v/v%) overnight. The equipment was thoroughly rinsed with 

ethanol before removing from the fume hood.  

Thermo gravimetric analysis (TGA).  

TGA analysis was carried out using a Q5000IR analyser (TA instruments) with an automated 

vertical overhead thermobalance. The samples were heated at the rate of 5 °C min−1 under a 

nitrogen atmosphere to a temperature of 150 °C and held for 60 minutes at 150 °C. 

X-ray photoelectron spectroscopy (XPS).  

XPS was performed in a standard ultrahigh vacuum surface science chamber consisting of a 

PSP Vacuum Technology electron energy analyser (angle integrating ±10°) and a dual anode 

X-ray source. The base pressure of the system was less than 2 × 10−10 mbar, with hydrogen as 

the main residual gas in the chamber. The XPS measurements were carried out with a Mg K-

alpha source (1253.6 eV). The spectrometer was calibrated using Au 4f 7/2 at 83.9 eV. The 

samples were corrected for charging using the adventitious carbon 1s peak to 284.6 eV. 
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2.5 Appendix 
 

 

Table A2.1 Percentage yields for HCPs prepared. 

 

Monomer FDA 
equivalents 

Yield 
(%) 

Toluene 1.5 106 

Toluene 1.6 113 

Toluene 1.7 111 

Toluene 1.9 109 

Toluene 2.0 114 

Toluene 2.3 108 

Toluene 2.5 107 

Toluene 2.7 109 

Toluene 3.0 119 

Toluene 4.0 120 

Toluene 5.0 116 

Chlorobenzene 2.0 91 

Chlorobenzene 3.0 92 

Fluorobenzene 2.0 102 

Fluorobenzene 3.0 93 

Anisole 2.0 97 

Anisole 3.0 98 

Phenol 2.0 70 

Phenol 3.0 92 
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Fig. A2.1 TGA profile obtained for the HCP derived from phenol prepared using 

3 equivalents of FDA after heating to 150 °C under a flow of nitrogen with an isothermal step 

for 60 minutes.  
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Fig. A2.2 Nitrogen isotherms obtained at 77K for (a) HCPs prepared using 3 equivalents of 

FDA and (b) toluene HCPs with varying FDA equivalents. Adsorption (filled symbols), 

desorption (empty symbols). Data offset by 50 mmol/g (using 5 mmol/g increments) for 

clarity. 
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Fig. A2.3 IR spectrum of chlorobenzene based HCP, prepared with 2 equivalents of FDA 
crosslinker. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A2.4 IR spectrum of fluorobenzene based HCP, prepared with 2 equivalents of FDA 
crosslinker. 
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Fig. A2.5 IR spectrum of anisole based HCP, prepared with 2 equivalents of FDA 
crosslinker. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A2.6 IR spectrum of phenol based HCP, prepared with 2 equivalents of FDA crosslinker. 
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Fig. A2.7 13C NMR for benzyl methyl ether, in CDCl3. 
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Table A2.2 Tabulated uptake data for testing of the methods (1–3) with the CWA simulants; 
NEt3, EtOAc, and DMF using the toluene (Me-HCP) and fluorobenzene (F-HCP) derived 
HCPs.  

 

 

 

 

 

 

 

 

 

 

 

 

Method  

Uptake (mL g-1) 

NEt3 EtOAc DMF 

Me-HCP F-HCP Me-HCP F-HCP Me-HCP F-HCP 

Method 1 10.7  

(+/- 0.8) 

14.0  

(+/- 1.1) 

8.6  

(+/- 0.4) 

14.9  

(+/- 0.2) 

9.7 

 (+/- 0.6) 

15.7  

(+/- 0.7) 

Method 2 
(corrected) 

10.2 

(+/- 1.7) 

12.7 

(+/- 3.5) 

13.4 

(+/- 1.8) 

11.4 

(+/- 1.4) 

10.3 

(+/- 3.1) 

17.8 

(+/- 1.9) 

Method 2 
(uncorrected) 

24.6 

(+/- 2.1) 

28.5 

(+/- 4.1) 

27.6 

(+/- 3.1) 

24.8 

(+/- 1.9) 

24.9 

(+/- 6.1) 

31.9 

(+/- 2.7) 

Method 3 28.4 

(+/- 2.3) 

35.3 

(+/- 10.1) 

24.8 

(+/- 0.3) 

25.7 

(+/- 4.1) 

28.0 

(+/- 7.5) 

24.1 

(+/- 5.2) 
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Table A2.3 Tabulated uptake data for HCPs (prepared using either 2 or 3 FDA equivalents) 

with the CWA simulants; NEt3, EtOAc, and DMF. Uptake for AcCl was only assessed for the 

HCPs prepared using 2 FDA equivalents.  

 

 

 

 

 

 

 

 

 

 

HCP 
monomer  

Uptake (mL g-1) 

NEt3 EtOAc DMF AcCl 

2 eq. 3 eq. 2 eq. 3 eq. 2 eq. 3 eq. 2 eq. 

Chlorobenzene 7.3 

(+/- 0.5) 

15.0 

(+/- 0.2) 

6.8 

(+/- 0.1) 

11.0 

(+/- 0.2) 

7.1 

(+/- 0.3) 

12.8 

(+/- 0.8) 

6.9 

(+/- 0.5) 

Fluorobenzene 14.0 

(+/- 1.1) 

16.4 

(+/- 0.3) 

14.9 

(+/- 0.2) 

12.3 

(+/- 0.3) 

15.7 

(+/- 0.7) 

15.1 

(+/- 0.1) 

16.1 

(+/- 0.8) 

Toluene 10.7 

(+/- 0.8) 

10.9 

(+/- 1.2) 

8.6 

(+/- 0.4) 

8.6 

(+/- 0.6) 

9.7 

(+/- 0.6) 

10.0 

(+/- 0.5) 

11.5 

(+/- 0.6) 

Anisole 7.6 

(+/- 1.6) 

7.4 

(+/- 0.1) 

7.5 

(+/- 1.7) 

5.6 

(+/- 0.2) 

8.5 

(+/- 1.6) 

7.8 

(+/- 0.9) 

8.5 

(+/- 1.3) 

Phenol 4.0 

(+/- 0.2) 

6.4 

(+/- 0.4) 

4.4 

(+/- 0.3) 

6.6 

(+/- 0.8) 

6.4 

(+/- 1.1) 

9.7 

(+/- 1.4) 

4.3 

(+/- 0.1) 
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Table A2.4 Tabulated data for swelling of the HCPs prepared using either 2 or 3 FDA 
equivalents in EtOAc.  

 

 

 

 

 

 

 

 

 

Table A2.5 Uptakes for activated charcoal 100–400 mesh (AC-2), CMP-1, and 3 Å 

molecular sieves (MS) in NEt3, EtOAc, DMF, AcCl, compared to the best (fluorobenzene 

derived HCP (F-HCP)) and worst (phenol derived HCP) performing HCPs, both prepared 

using 2 FDA equivalents. Uptakes calculated using Method 1 as an average of three 

measurements, with errors calculated as the standard deviation. 

Material Uptake (mL g-1) 

NEt3 EtOAc DMF AcCl 

F-HCP 14.0 (+/- 1.1) 14.9 (+/- 0.2) 15.7 (+/- 0.7) 16.1 (+/- 0.8) 

Phenol-HCP 4.0 (+/- 0.2) 4.4 (+/- 0.3) 6.4 (+/- 1.1) 4.3 (+/- 0.1) 

AC-2 4.1 (+/- 0.6) 4.0 (+/- 0.3) 4.5 (+/- 0.3) 4.3 (+/- 0.3) 

CMP-1 3.4 (+/- 0.3) 3.5 (+/- 0.4) 3.4 (+/- 0.4) 3.6 (+/- 0.1) 

MS 1.5 (+/- 0.2) 1.6 (+/- 0.1) 1.3 (+/- 0.1) 1.9 (+/- 0.2) 

 

 

HCP 
monomer 

Swelling (mL g-1) 

2 equivalents 3 equivalents 

Chlorobenzene 2.7 (+/- 0.4) 7.3 (+/- 0.9) 

Fluorobenzene 9.2 (+/- 0.9) 6.2 (+/- 0.3) 

Toluene 3.9 (+/- 0.4) 4.5 (+/- 0.6) 

Anisole 4.5 (+/- 0.3) 3.2 (+/- 0.1) 

Phenol  2.1 (+/- 0.7) 2.8 (+/- 0.8) 
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Table A2.6 Tabulated data for swelling in EtOAc of a range of microporous materials. 

 

 

 

 

 

 

 

 

Material Swelling  (mL g-1) 

F-HCP 9.2 (+/- 0.9) 

Phenol-HCP 2.1 (+/- 0.7) 

AC-2 2.4 (+/- 0.7) 

CMP-1 1.6 (+/- 0.1) 

MS 0.5 (+/- 0.1) 
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Fig. A2.8 Calibration of the Eppendorf tubes with water in order to determine the volume of 
polymer inside the tube for Method 1. 
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Chapter 3 
 

Chemical decontamination of 
CWAs and simulants 
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3.1 Abstract 
 

Following on from the physical decontamination route presented in Chapter 2 to effectively 

immobilise CWAs using HCPs, in this chapter chemical decontamination is used for the 

breakdown of CWAs and simulants. Attempts to identify suitable bases to promote 

hydrolysis of the nerve agent simulant methyl paraoxon (MP, dimethyl 4-nitrophenyl 

phosphate) and the CWAs GB and VX are investigated.  This work focused on optimising the 

basic hydrolysis of MP (Scheme 3.1) to produce exclusively the non-toxic product, dimethyl 

phosphate (DMP). For the more successful bases, the conditions for breakdown were varied 

by using less water and base to establish whether the desired product distribution still held. 

The best performing bases were also tested under various conditions against the CWAs, GB 

and VX, to establish how their hydrolysis pathway compared to that of the simulant, MP. 

Surprisingly, despite hydrolysis being an effective means for decontamination of nerve 

agents, there are no previous studies of simple bases for hydrolysis, nor investigations into 

how breakdown of a nerve agent simulant compares to that of real agents for such bases. 

 

Scheme 3.1 The possible breakdown products for the degradation of methyl paraoxon (MP), 

when using base in the presence of water. Breakdown products include; dimethyl phosphate 

(DMP) and methyl 4-nitrophenyl phosphate (M4NP). 

 

3.2 Results and discussion  

3.2.1 Screening of nitrogen containing bases  
 

Initially, the reaction of fourteen bases (Fig. 3.1) with MP was examined in a 

water/acetonitrile solution. The product distribution and conversion were monitored by 
31P{1H} NMR, an example of which is shown in Fig. 3.2 when imidazole was used. 
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Fig. 3.1 Structures of all the bases used in the study. Bases highlighted in red gave 

exclusively the non-toxic DMP product, bases highlighted in blue gave exclusively the toxic 

M4NP product, and the bases highlighted in green gave a mixture of toxic and non-toxic 

products. The reaction was carried out using 8.8 equivalents of base and 827 equivalents of 

water with respect to MP. An equal volume of acetonitrile was employed to ensure the 

homogeneity of the reaction mixture. Breakdown occurred between 1 hour and 68 days, 

depending on the base (Table 3.1). 

 

The desired non-toxic product, DMP, and the toxic, M4NP, have peaks at 2.8 and -4.2 

ppm, respectively, while MP has a peak at -4.5 ppm (Fig. 3.2). The position of the 

peak corresponding to DMP was in accordance with that previously reported for MP 

breakdown.1  
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Fig. 3.2 31P{1H} NMR spectra for breakdown of MP using imidazole, showing the 

disappearance of the phosphorus peak corresponding to the MP (-4.5 ppm) and appearance of 

the two product peaks; M4NP (-4.2 ppm), and DMP (2.8 ppm). The peak at 0.0 ppm is from 

the phosphoric acid standard. 

 

The stronger bases TBD, MTBD, DBU, and TMG all resulted in very fast breakdown 

of MP to produce exclusively DMP (Table 3.1). The majority of these bases displayed 

complete conversion of MP in less than 1 hour. By contrast, quinuclidine resulted in 

very fast conversion to produce 98% M4NP. A similar result was also observed for its 

derivative, DABCO, which afforded 100% conversion to M4NP. This suggested that 

the nucleophilicity of the base is an important factor in dictating the decomposition 

pathway taken by MP, with the two highly nucleophilic bases, quinuclidine and 

DABCO, favouring rapid formation of the toxic breakdown product via nucleophilic 

attack at the aliphatic carbon of the methoxy group. 
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Table 3.1 Bases screened for the degradation of methyl paraoxon (MP) in a water/acetonitrile 

solution (1:1 v/v), with product distribution (%) observed via 31P{1H} NMR (Appendix A3, 

Fig. A3.1–14). Base strength represented by the pKa of the bases conjugate acid, measured 

in water.2-6 

 

  

This mechanism is supported by the positive ionisation mass spectrometry of each 

reaction, which showed the presence of the methylated quinuclidine or DABCO bases 

(Fig. 3.3). In addition, negative ionisation confirmed the presence of M4NP in each 

reaction by the 232 m/z peak corresponding to M4NP. The remaining bases tested in 

the screen are all nucleophilic, albeit to varying degrees. This is expressed in the 

product distribution observed at the end of the reaction, with all the bases 

predominately forming M4NP (Table 3.1). 

 

pKa 
 (conjugate acid) 

Nitrogen base Complete  
conversion  

within 

% DMP 
 (Non-toxic) 

% M4NP 
(Toxic) 

15.2 TBD 1 hour 100 0 

15.0 MTBD 1 hour 100 0 

13.5 DBU 1 hour 100 0 

13.0 TMG 2.5 hours 100 0 

11.3 Quinuclidine  1 hour 2 98 

10.7 Triethylamine  4 days 9 91 

9.6 DMAP 4 days 10 90 

9.3 Benzylamine  4 days 3 97 

8.8 DABCO 1 hour 0 100 

7.0 Imidazole  25–28 days 17 83 

6.9 1,3-Aminopropylimidazole  4 days 6  94  

6.7 1-Benzylimidazole  50–68 days 10 90 

5.3 Pyridine  25–34 days 0 100 

4.6 Aniline 35–68 days 0 100 
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Fig. 3.3 Mass spectra, in positive and negative polarity, for reactions performed using 

(a) quinuclidine (MW=111.18 g mol-1) and (b) DABCO (MW=112.17 g mol-1), using 8.8 

equivalents of base and 827 equivalents of water. Both reactions gave >98% the M4NP 

breakdown product (Fig. A3.5&9).  
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Using inverse-gated 31P{1H} NMR allowed for quantification of the product 

distribution. Aside from TBD, MTBD, DBU, and TMG, which showed complete 

conversion to the non-toxic breakdown product, the remaining bases afforded between 

83 and 100% conversion to the toxic product (Table 3.1). Aniline and pyridine gave 

exclusively the toxic product displaying the same behaviour as DABCO, albeit on a 

much longer timescale. MP did not show any conversion, in water alone after 4 days, 

as confirmed from the 31P{1H} NMR spectra showing the retention of the MP peak 

(Fig. A3.15). This indicated the hydrolysis of MP does not occur in water alone, at 

least on the timescale in which the majority of the bases showed complete conversion. 

Even after approximately 7 months, the MP showed only a 24% conversion to the 

toxic product (Fig. A3.15C). 

In general, good correlation was observed between the strength of the base, as determined 

from the pKa of the conjugate acid,2-6 and the breakdown rate and product distribution. The 

stronger bases (TBD, MTBD, DBU, and TMG), showed a preference for the alkaline 

hydrolysis pathway. For weaker bases, the nucleophilicity of the base was more significant in 

determining the decomposition pathway; stronger nucleophiles promote rapid formation of 

the toxic product, while weaker nucleophiles predominately promote formation of the toxic 

product, albeit at a slower rate. 

 

3.2.2 Variation of water content  
 

The reaction of the bases with MP was carried out using an excess of base and water, 8.8 and 

827 equivalents, respectively, with respect to MP. These amounts were chosen based on 

initial screens using bases for MP hydrolysis and kept constant throughout the screen of the 

bases. The presence of water was necessary for the base catalysed hydrolysis of MP to 

produce DMP.7 For real world CWA decontamination systems, it would be desirable to 

reduce the amount of base and water used for the hydrolysis. We therefore looked to optimise 

the water content required to hydrolyse MP using TMG, the simplest base to afford 100% 

selectivity for DMP. 

While maintaining the amount of base at 5 equivalents with respect to MP, the quantity of 

water was varied between 1 and 800 equivalents, and the outcome monitored by 31P{1H} 
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NMR (Table. 3.2). A stepwise reduction in the amount of water from 800 to 50 equivalents 

afforded 97–100% conversion to the non-toxic product, DMP.  

Table 3.2 Breakdown products (%) for MP hydrolysis with varying amounts of water (1–800 

equivalents) using 5 equivalents of the TMG base, after 24 hours at ambient temperature. 

Breakdown of MP occurred to produce dimethyl phosphate (DMP), methyl 4-nitrophenyl 

phosphate (M4NP), and TMG-phosphorus adduct (TMG-P). Stacked 31P{1H} NMR spectra 

for the data presented in table shown in Fig. A3.16. 

 

Within this range of water, the alkaline hydrolysis pathway predominates leading to attack of 

the hard nucleophilic oxygen from hydroxide on the oxophilic phosphorus centre.8 This leads 

to DMP formation and loss of the 4-nitrophenol (pKa=7.1), in preference over methanol 

(pKa=15.4), due to the lower pKa of the 4-nitrophenol group.9 Nucleophilic attack of the 

phosphotriester is most likely to occur via a weakly associative, pentacoordinate transition 

state, with the more electronegative and more acidic 4-nitrophenyl group adopting the apical 

position, as hydroxide attacks in a SN2 manner.10, 11  A peak shift in the 31P{1H} NMR, from 

2.8 to 1.7 ppm, was observed during the reduction in water (Fig. A3.16), however the 

splitting pattern in the 31P NMR, from the phosphorus-proton coupling, remained unchanged 

(Fig. 3.4). The peak positions in the 1H NMR spectra also remained unchanged on reducing 

the water content from 800 to 50 equivalents (Fig. 3.5). 

Water (equivalents) Percentage products (%) 

DMP M4NP TMG-P 

1 35 41 24 

5 41 35 24 

10 56 23 21 

25 87 6 7 

50 97 1 2 

150 100 0 0 

300 100 0 0 

600 100 0 0 

800 100 0 0 
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Fig. 3.4 31P NMR spectra for the breakdown of MP, after 24 hours at ambient temperature, 

with varying amounts of water (1–800 equivalents) and 5 equivalents of the TMG base. The 

peak at 0.0 ppm is from the phosphoric acid standard. NMR sample for 50 equivalents water 

ran without capillary hence the absence of the peak at 0.0 ppm, from H3PO4. 
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Fig. 3.5 1H NMR spectra for the breakdown of MP, after 24 hours at ambient temperature, 

using 5 equivalents of the TMG base with varying amounts of water (1–800 equivalents) in 

(a) the aromatic and (b) the aliphatic proton region. NMR sample for 25, 150, 300, 600, and 

800 equivalents water ran without the H3PO4 containing capillary hence the absence of the 

peak at 4.0 ppm, from H3PO4. Peaks assigned as 4-nitroanisole (*), 4-nitrophenolate (*), 

DMP (*), TMG-P (*), and M4NP (*).  
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On reducing the water content below 50 equivalents, the appearance of a peak for M4NP at 

-4.5 ppm appeared in the 31P NMR; this peak occurred as a quartet in the NMR spectra and 

increased in intensity as the water content further decreased (Fig. 3.4). In addition, a third 

breakdown product at 2.7 ppm was also observed when using 1, 5, 10, and 25 equivalents of 

water. This new peak had the same splitting pattern in the 31P NMR as the peak assigned to 

DMP (Fig. 3.4). Mass spectrometry for the reactions performed using 1 and 5 equivalents of 

water revealed the presence of an additional phosphorus containing product, with a m/z peak 

at 224 (Fig. 3.6a&b), which corresponds to a product formed by the SN2 attack of TMG at 

the phosphorus centre (denoted as TMG–P), with displacement of 4-nitrophenol. This mass 

ion was absent from the mass spectrum obtained for the reactions conducted using 50 and 

800 equivalents of water (Fig. 3.6c&d). Upon reducing the water content below 50 

equivalents, the TMG begins to act as a competitive nucleophile, presumably due to a 

decrease in the amount of free hydroxide present in the reaction mixture. Attack of the TMG 

preferentially occurs at the aliphatic carbon from the methoxy group, due to the softer 

nucleophilic nitrogen favouring attack at the softer electrophilic carbon,8 and results in the 

formation of M4NP. A small amount of nucleophilic attack by the TMG was also observed at 

the hard phosphorus centre, giving rise to TMG-P.   
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Fig. 3.6 Mass spectra, in positive polarity, for reaction of the TMG base (MW=115.18 g mol-

1), 5 equivalents, against MP using (a) 1.0, (b) 5.0, (c) 50, and (d) 800 equivalents of water.  
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4-Nitroanisole was also detected in the 1H NMR with 1, 5, and 10 equivalents of water, with 

peaks observed at 3.9, 7.1, and 8.2 ppm (Fig. 3.5). Its presence was confirmed by the addition 

of 4-nitroansiole to a 1H NMR sample from the reaction performed using 1 equivalent of 

water (Fig. 3.7). This product is thought to originate from methylation of 4-nitrophenolate, 

which is formed as the by-product of MP hydrolysis alongside DMP; methylation of the 

4-nitrophenolate is thought to occur by reaction with MP to generate M4NP as a result. 

Addition of DMP and M4NP to NMR samples further confirmed the presence of these two 

breakdown products (Fig. 3.7).  

 

3.2.3 Variation of base content 
 

As shown above, with excess TMG base (5 equivalents), the water content can be reduced 

from 800 to 50 equivalents while still maintaining a decomposition pathway that produces 

>97% DMP. The effect of reducing the number of equivalents of TMG on the reaction 

pathway was also studied. It was found that by reducing the base to 2 equivalents, 200 

equivalents water was required to maintain complete conversion to the non-toxic DMP 

product, after 24 hours at ambient temperature (Fig. 3.8).  

The amount of TMG was varied from 1.0 to 9.0 equivalents, with respect to MP, while 

keeping the water content fixed at 800 equivalents (Fig. 3.9). With the exception of 

1 equivalent of TMG, all reactions gave exclusive conversion to the non-toxic product within 

24 hours. Using 1 equivalent of TMG, 53% conversion was reached after 24 hours and 59% 

conversion after 25 days, observed by 31P NMR. The slow conversion was likely due to the 

acidic breakdown products, such as 4-nitrophenol and DMP protonating the base and 

preventing further hydrolysis from taking place. This explains why excess base is usually 

required for hydrolysis of G-type nerve agents.12, 13 A similar trend was also observed when 

using MTBD as the base (Fig. A3.17). 
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Fig. 3.7 (a) 31P{1H}, (b) 31P, and (c)  1H NMR spectra for reaction of TMG (5 equivalents 

with respect to MP) against MP, using water (1 equivalent with respect to MP), before and 

after the addition of M4NP (*), 4-nitroanisole (*), and DMP (*). Changes in peaks (*) 

highlighted for each addition product. 1H NMR spectra obtained without capillary present. 
31P peak at 2.60 ppm (TMG-P product), *proton peaks from 4-nitrophenolate. The peak at 

0.0 ppm is from the phosphoric acid standard. 
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Fig. 3.8 (a) 31P{1H} NMR, (b) 31P NMR, and (c) 1H NMR for reactions of TMG (2 

equivalents) against MP using 50, 75, 100, 150, 175, and 200 equivalents of water, after 24 

hours at ambient temperature. The peak at 0.0 ppm in 31P NMR and 4.0 ppm in 1H NMR is 

from the phosphoric acid standard.  
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Fig. 3.9(a) 31P{1H} NMR, (b) 31P NMR, and (c) 1H NMR for reaction of TMG (1.0, 2.5, 5.0, 

and 9.0 equivalents) against MP using excess water (827 equivalents), after 24 hours at 

ambient temperature. 1H NMR for 2.5 and 5.0 equivalents spectrum ran without capillary 

present. The peak at 0.0 ppm is from the phosphoric acid standard.  
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3.2.4 Hydrolysis of GB and VX  
 

Next, the real nerve agents, GB and VX, were hydrolysed with varying amounts of water 

(Fig. 3.10). This testing was carried out by trained staff at Dstl laboratories due to the lethal 

toxicity of the CWAs.  

GB was hydrolysed in water alone, producing 96–97% of the desired breakdown product, 

isopropyl methylphosphonic acid (iPMPA), using 1, 50, and 800 equivalents water 

(Fig. 3.10a). The hydrolysis of VX in water alone was less effective, with 75 and 97% VX 

remaining after a 24 hour period at ambient temperature, when using 800 and 50 equivalents 

of water, respectively. The 25% conversion observed for VX using 800 equivalents water 

produced only 9% of the desired non-toxic product, ethyl methyl phosphonate (EMPA). The 

remaining two breakdown products consisted of 13% the toxic breakdown product, EA-2192, 

along with 3% of the non-toxic thioic acid (Fig. 3.10a), formed via C–S bond cleavage.14 

Hydrolysis of VX using 1 equivalent of water was ineffective with no conversion. Similarly, 

the MP simulant proved ineffective for hydrolysis in water alone across all three equivalents 

of water (Fig. 3.10a). The more labile P–F bond in GB, compared to the P–S bond in VX and 

P–O bond in MP, makes GB more susceptible for hydrolysis in water alone.  

On addition of 5 equivalents of TMG, complete hydrolysis of GB was observed after 24 

hours with 50 and 800 equivalents of water, while 1 equivalent of water afforded 97% 

conversion to predominately the non-toxic isopropyl methylphosphonic acid (Fig. 3.10b). A 

similar level of conversion was observed for MP hydrolysis across all three water contents. 

However, using TMG with 1 equivalent of water for MP hydrolysis afforded only 35% of the 

non-toxic product, DMP. A consequence of the competing breakdown pathways previously 

observed for MP, in contrast to GB hydrolysis.  

Hydrolysis of VX in the presence of 5 equivalents of TMG showed complete conversion 

resulting in 86 and 88% EMPA, when using 50 and 800 equivalents of water, respectively. 

The other product formed was the toxic product, EA-2192, (Fig. A3.23). This was similar to 

MP hydrolysis which resulted in predominately DMP using TMG with 50 and 800 

equivalents of water. The presence of a much greater amount of hydroxide when using 50 and 

800 equivalents of water favours the alkaline hydrolysis of VX. The lifetime of the 

pentacoordinate phosphorus transition state, from hydroxide attack, allows for either the P–S 
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bond or P–O bond to occupy the apical position, via pseudorotation.10, 15 The less 

electronegative but bulkier thiolate group will have a higher preference for being in the apical 

position, as far away as possible from the incoming hydroxide nucleophile. This results in 

preferential cleavage of the P–S bond, and formation of EMPA as the major breakdown 

product, over P–O bond cleavage and EA-2192 formation.16, 17 Using 1 equivalent of water 

with TMG showed only 1% conversion to exclusively EMPA (Fig. 3.10b). Such a low 

conversion when 1 equivalent of water was used is likely due to insufficient amounts of 

hydroxide being generated to promote alkaline hydrolysis. 

 

3.2.5 Hydrolysis in the absence of water  
 

The bases MTBD, DBU, and TMG were also tested, against MP, in the absence of water 

(Fig. 3.10c). For TMG, all three breakdown products were observed, with at least 48% 

conversion to the toxic M4NP product. This further supports the hypothesis that in the 

absence of water the formation of the toxic product is strongly favoured, even with the 

stronger, less nucleophilic TMG base. Nucleophilic attack of the base on the phosphorous 

was more prevalent with TMG than MTBD or DBU, as indicated by the 31P NMR and 1H 

NMR (Fig. A3.24). The greater steric hindrance of the DBU and MTBD units compared to 

TMG likely hinders their nucleophilic attack at the phosphorus centre.  

The bases TMG, DBU, and MTBD were also tested against GB and VX in the absence of 

water (Fig. 3.10c). By comparison with MP, lower conversion was observed for GB and VX, 

with between 23 and 58% GB and between 89 and 92% VX remaining after 24 hours at 

ambient temperature. The breakdown of VX was less effective when treated with base alone, 

compared to GB and MP. Breakdown of VX using TMG without water proved ineffective, 

while only 7 and 10% conversion, to predominately the non-toxic EMPA, was observed 

using DBU and MTBD, respectively. GB breakdown with TMG, DBU, and MTBD (Fig. 4c) 

showed conversion to products other than the desired isopropyl methylphosphonic acid. This 

is similar to the breakdown of the simulant MP with the bases alone.   
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Most of the other GB breakdown products are likely to be non-toxic; that is, containing no 

fluorine. For example, methylphosphonic acid, formed by further hydrolysis of isopropyl 

methylphosphonic acid. The absence of fluorine in the breakdown products is confirmed by 

the lack of phosphorus-fluorine splitting in the product peaks (Fig. A13.19, 22, and 25) 

compared to the splitting observed for the peaks corresponding to GB (Fig. A3.25). The high 

electronegativity of the fluorine in GB makes this group most likely to occupy the apical 

position in the pentacoordinate transition state, resulting in the preferential cleavage of the P–

F bond, when hydroxide attacks at phosphorus.18 
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Fig. 3.10 Testing of 1, 50, and 800 equivalents of water, with respect to the simulant MP and 

CWAs GB and VX, in (a) the absence and (b) the presence (5 equivalents) of TMG base. 

(c) Testing bases; TMG, DBU, and MTBD, 2 equivalents with respect to MP, GB, and VX, 

in the absence of water, after 24 hours at ambient temperature. Breakdown products shown as 

DMP (dark blue), M4NP (red), TMG-P (green), iPMPA (purple), GB other products (orange), 

EMPA (blue), and VX other products (light blue). Products highlighted on NMR spectra 

shown for (a) Fig. A3.18-20, (b) Fig. A3.21-23, and (c) Fig. A3.24-26. The tabulated data is 

presented in Table A3.1&2.  
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3.2.6 Incorporating bases with HCPs  
 

As demonstrated in this chapter, several bases proved effective for the breakdown of MP at 

ambient temperature, with the more successful bases displaying breakdown within 24 hours 

to produce exclusively the non-toxic DMP product. In order to ensure complete conversion of 

MP to produce exclusively DMP, there was a need for 2 equivalents or greater, with respect 

to MP, of the TMG base and 50–200 equivalents of water.  

The next step in the project was to combine the bases with the HCPs, which in Chapter 2 

were shown to be effective for the immobilisation of liquid CWAs. Initial studies for this 

involved testing some of the more successful bases from the screen of the nitrogen bases, 

including DBU against MP in the presence of a HCP. In this instance, the bases were 

combined with a HCP through pre-absorption of base and water into the HCP (non-covalent 

route) prior to testing the mixture against MP, data not shown. While this concept proved 

successful for the breakdown of MP at ambient temperature, the large amount of water 

required to ensure complete conversion of MP to produce exclusively DMP limited the 

practical application of this approach. The water content greatly exceeded the uptake capacity 

of the HCP and as a result caused the breakdown to occur in solution, as oppose to within the 

HCP network.   

A covalent attachment of the base to the HCP could potentially allow for a larger loading of 

the base into the HCP, thereby reducing the amount of water required for the hydrolysis of 

MP as previously seen when varying the amount of the TMG base from 5 to 2 equivalents. 

Out of the more successful bases from the screen of the nitrogen bases including; DBU, 

MTBD, TBD, and, TMG, there were more synthetic routes available for the covalent 

attachment of TMG into HCPs compared to the other bases.  

As a route to incorporate TMG into the HCPs, 2-benzyl-1,1,3,3-tetramethylguanidine 

(benzyl-TMG) was synthesised (Scheme 3.2). Benzyl-TMG was successfully synthesised 

and characterised using NMR spectroscopy (1H and 13C), mass spectrometry, and 

microanalysis, see experimental section (synthesis of benzyl-TMG, page 124).  
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Scheme 3.2 Synthesis of TMG containing HCPs from benzyl-TMG (2-benzyl-1,1,3,3-

tetramethylguanidine).  

Similar to the testing of the free TMG base against MP, the benzyl-TMG monomer was 

effective for complete conversion of MP, in the presence of water, to produce 91% DMP and 

9% M4NP after 24 hours at ambient temperature. The breakdown products could be 

identified from the 1H NMR (Fig. 3.11). This showed the covalent attachment of TMG did 

not affect the ability of TMG to function as a base and promote the alkaline hydrolysis of MP 

to produce predominately DMP when performed in the presence of water.  

 

Fig. 3.11 1H NMR (CD3CN) obtained for the breakdown of MP after 24 hours at ambient 

temperature, using benzyl-TMG (9 equivalents) with 50 equivalents of water. Internal 

reference was used as H3PO4. The 31P{1H} NMR for the breakdown is shown in Fig. A3.27.  
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Similar to the synthesis of the HCPs in Chapter 2, benzyl-TMG was then crosslinked via the 

knitting route using FDA as crosslinker. This produced a HCP containing a high nitrogen 

content of 9.94 wt%, determined from microanalysis, suggesting the retention of the TMG 

groups in the HCP. However, unfortunately the HCP produced was non-porous possessing a 

SABET of 7 m2 g-1.  The loss of porosity when high loadings of TMG were achieved in the 

final HCP could be as a result of the TMG units blocking the pores in the HCP network.  

The FTIR spectrum for the HCP showed the appearance of peaks at 1620 and 1578, 

consistent with the C=N stretches from the TMG group and present in the IR of the 

benzyl-TMG monomer (Fig. 3.12). This indicates the TMG group remained intact when the 

benzyl-TMG monomer was crosslinked to form the HCP.  

 

 Fig. 3.12 IR spectra for the TMG-HCP (top) and benzyl-TMG monomer (bottom).  

 

Interestingly, when the benzyl-TMG monomer was crosslinked in the presence of FeCl3 

without FDA, a porous solid was produced with a SABET of 680 m2 g-1. The resulting HCP 

showed a much lower nitrogen content of 0.7 wt%, indicating the benzyl-TMG monomer 
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could be crosslinked by self-condensation,19 with the CH2-TMG groups being used in place 

of FDA to crosslink the monomers together. The ability of the TMG group to act as an 

internal crosslinker to form the HCP may explain why the 9.94 wt% nitrogen content 

obtained for the TMG-HCP was much lower than the predicted nitrogen content of 

18.16 wt%.  

The TMG-HCP was tested against MP however it was not effective for MP breakdown after 

24 hours at ambient temperature displaying no breakdown (data not shown). While a high 

nitrogen content, and hence high loading of TMG, could be obtained for the TMG–HCP, the 

loss of porosity was not desirable. Although not tested, a low uptake capacity for the TMG–

HCP would be expected, similar to that seen for the low SABET HCPs synthesised in 

Chapter 2. As a result, a different approach was required which could incorporate TMG into 

the HCPs, whilst still retaining good levels of porosity.  

The alternative approach to incorporate TMG into HCPs was achieved by functionalising the 

4,4’-bis(chloromethyl)-1,1’-biphenyl monomer with TMG in-situ, prior to crosslinking using 

either remaining chloromethyl groups or addition of FDA, with FeCl3 used as the Lewis acid 

catalyst in each case (Scheme 3.3).  

Scheme 3.3 Synthesis of TMG containing HCPs from 4,4’-bis(chloromethyl)-1,1’-biphenyl.  

Several reactions were carried out varying the amount of TMG by using 0.25, 1.5, and 4.0 

equivalents with respect to the monomer. The porosity of the HCPs prepared from the 

monomers treated with 1.5 and 4.0 equivalents TMG prior to crosslinking suffered resulting 

in HCPs containing high nitrogen contents yet non-porous networks (Table 3.3). With 

increasing the amount of TMG used to form the HCP from the TMG functionalised 

monomer, this required more FDA and FeCl3 in the reaction, probably due to complexation 

of TMG to the FeCl3. Unlike with the HCPs prepared using 1.5 and 4.0 equivalents TMG, the 

HCP prepared using 0.25 equivalents of TMG did not require FDA to crosslink the monomer 

since an appropriate amount of the chloromethyl groups remained present to allow for 

crosslinking to proceed. The low loading of TMG, shown by the 1.78 wt% nitrogen content, 
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helped retain the porosity for this HCP, displaying a SABET of 1470 m2 g-1. Similar to the 

TMG-HCP derived from the benzyl-TMG monomer, this further indicates the effect of 

having a larger loading of TMG on the porosity of the resulting HCPs. Besides blocking of 

the pores in the network by the TMG groups, the unaccounted for mass in the microanalysis 

data suggest higher residual iron residues and/or a larger proportion of unreacted crosslinker 

groups from FDA remained in the HCP networks for the 1.5 and 4.0 TMG equivalents HCPs 

(Table 3.3). Both of these network defects would hinder the SABET for the resulting HCP.  

Table 3.3 Breakdown performance against MP after 3 days at 60 °C of the TMG 

functionalised HCPs prepared using 0.25, 1.5, or 4.0 equivalents of TMG with respect to the 

4,4’-bis(chloromethyl)-1,1’-biphenyl monomer. Two equivalents of base and 200 equivalents 

of water were used for the breakdown of MP. The 1H NMR spectra for the breakdown 

reactions are shown in Fig. A3.28-29.  

TMG 

equivalents 

CHN (%) 

TMG-HCPs 

SABET 

(m2 g-1) 

Conversion 

(%) 

Product distribution 

 (%) 

C H N   M4NP DMP 

0.25  84.71 5.74 1.78 1470 41  100 0 

1.5  63.68 6.25 7.22 8  

4.0  62.85 6.97 10.65 5 100  100 0 

 

The HCPs prepared with 0.25 and 4.0 equivalents TMG were tested against MP using 

2 equivalents base and 200 equivalents water in CD3CN. This amount of water was chosen 

based on the results of testing TMG against MP. This breakdown showed when 2 equivalents 

of TMG were used, 200 equivalents of water was required in order to allow for complete 

conversion to exclusively DMP after 24 hours at ambient temperature. The testing using the 

TMG-HCPs was carried out for 3 days at 60 °C. A higher temperature was chosen to test the 

polymers since several initial breakdown studies (data not shown) performed at ambient 

temperature showed no breakdown of MP. Therefore, the idea was to test at 60 °C and if 

successful i.e. showed complete conversion after 3 days, then test at ambient temperature. 

The procedure used to test the polymers against MP and the conditions used for the 

breakdown reactions are explained in more detail in Chapter 4. Testing of the two TMG 

functionalised HCPs showed a 41% conversion using the HCP prepared with 0.25 
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equivalents of TMG, with complete conversion observed after 3 days using the HCP prepared 

with 4.0 equivalents of TMG. The only breakdown product detected in both cases was the 

toxic M4NP. This is in contrast to when testing the TMG, 2 equivalents, against MP in the 

presence of 200 equivalents water. This change in product distribution when the TMG was 

covalently attached to the polymer may arise due to a switch from a homogeneous to a 

heterogeneous breakdown environment, the latter of which could result in an uneven 

distribution of water throughout the heterogeneous HCP. As shown throughout this chapter, 

the amount of water present can have a large impact on the breakdown product distribution.  

The loss of porosity for the HCP prepared using 4.0 equivalents of TMG did not appear to 

hinder the breakdown performance of the polymer, with the higher loading of TMG in the 

HCP enhancing the breakdown of MP after 3 days at 60 °C. Besides the loss of porosity for 

this HCP expected to reduce the uptake capacity of the polymer, the TMG containing HCPs 

still required the use of large amounts of water to enhance the breakdown. A material which 

could breakdown MP without the addition of water is therefore desirable.  

 

3.3 Conclusions  
 

In summary, on screening a range of bases for the hydrolysis of the CWA simulant MP, a 

correlation was observed between the breakdown product distribution and the properties of 

the base. The stronger, less nucleophilic bases resulted in alkaline hydrolysis of MP to 

produce DMP as the desired non-toxic breakdown product, whereas weaker, more 

nucleophilic bases afforded a toxic product (M4NP). By varying the conditions for the 

hydrolysis, the amount of water was shown to have the greatest impact on the breakdown 

product distribution.  

MP hydrolysis in water alone was not effective, showing no breakdown of the simulant after 

4 days. However, the addition of 5 equivalents of the TMG base using 50 equivalents of 

water resulted in conversion to 97% DMP, the desired breakdown product, after 24 hours at 

ambient temperature. In contrast, GB hydrolysis was effective both in the absence and the 

presence of base. GB hydrolysis could occur in water alone, producing 97% isopropyl 

methylphosphonic acid, as the desired product when using just 1 equivalent of water. 

Whereas, similar to MP, VX was not effective for hydrolysis in water alone. Addition of the 
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TMG base resulted in complete conversion to produce 86% the desired breakdown product, 

ethyl methyl phosphonate, using 50 equivalents of water and 5 equivalents of TMG as base. 

We have demonstrated that treatment of the simulant, MP, and the CWAs GB and VX with 

5 equivalents of a strong non-nucleophilic base in the presence of 50 equivalents of water 

should result in full conversion, at ambient temperature, to predominately non-toxic products. 

Such a simple, low-cost approach for CWA destruction, which tests for breakdown of CWAs 

under practically relevant conditions, is likely to improve the practical application of such a 

decontamination method in the stockpile destruction of CWAs.  This study also highlights the 

differences in both reactivity and product distribution that can exist between simulants and 

CWAs. Clearly, the simulant is less toxic due to its enhanced chemical stability. This can 

make studying breakdown more challenging, for instance by forming unwanted breakdown 

products compared to the real agents. However, benefits should be found when testing 

developed systems against real agents, in particular G agents such as GB, which are 

inherently more susceptible towards hydrolysis. 

Combining the TMG base with HCPs via a covalent attachment route showed the porosity of 

the HCP could be maintained at low loadings of TMG. Higher TMG loadings which are more 

desirable to enhance breakdown of MP resulted in a loss of porosity for the HCP.  The loss of 

porosity did not however seem to affect the breakdown performance of the TMG-HCP when 

tested against MP after 3 days at 60 °C. In contrast to the homogeneous testing of the bases 

against MP in the presence of water, testing MP breakdown using the heterogeneous TMG–

HCP did result in a change in the breakdown product distribution, with formation of solely 

M4NP. Despite the good breakdown performance for the higher loaded TMG-HCP, the 

uptake capacity of this non-porous HCP would likely be significantly affected. In addition, 

the large amount of water required in combination with the base containing HCPs limits the 

practical application of these polymers for immobilisation and destruction of CWAs at 

ambient temperature, without the need to add large amounts of water.  
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3.4 Experimental  
 

Materials   

All chemicals were purchased from commercial suppliers and used as received.  

Synthesis of methyl paraoxon (MP), dimethyl 4-nitrophenyl phosphate  

MP was synthesised according to a modified literature procedure,20 and used throughout for 

the breakdown experiments.  

Anhydrous triethylamine (2.0 mL, 14 mmol) was dissolved in anhydrous toluene (10 mL) in 

a two-neck round bottomed flask, equipped with a stirrer bar under a nitrogen atmosphere. To 

this was added a solution of 4-nitrophenyl phosphorodichloridate (1.9 g, 7.4 mmol) in 

anhydrous toluene (20 mL) whilst maintaining the flask at 0 °C. Finally, anhydrous methanol 

(0.6 mL, 15 mmol) was added drop wise and the resulting solution stirred at room 

temperature for 18 hours. After such time, the reaction solution was filtered and the solvent 

evaporated under vacuum. The crude product was purified by silica gel chromatography 

eluting with 20% ethyl acetate/hexane to afford MP as a yellow-clear oil (1.14 g, 63%). 1H 

NMR (400 MHz, CDCl3): δ (ppm) 8.24 (d, 2H, 3J=9.2 Hz), 7.38 (d, 2H, 3J=9.2 Hz), 3.92 (d, 

6H, 3J(H,P)=11.4 Hz); 13C NMR (400 MHz, CDCl3): δ (ppm) 155.5, 145.1, 126.0, 120.6, 

55.5 ppm; 31P NMR (400 MHz, CD3CN): δ (ppm) -4.3 ppm (referenced against H3PO4 

standard).  

Synthesis of lithium methyl 4-nitrophenyl phosphate 

The lithium salt of methyl 4-nitrophenyl phosphate was synthesised from MP, according to a 

modified literature procedure.21 This compound was used for addition experiments in order to 

confirm the presence of M4NP in the breakdown experiments (Fig. 3.7).  

Methyl paraoxon (0.25 mL, 1.4 mmol) and lithium bromide (0.12 g, 1.4 mmol) were 

dissolved in dry acetone (20 mL) and the resulting mixture refluxed for 5 hours. The solution 

was cooled and left at room temperature overnight. The resulting precipitate was collected 

and washed several times with diethyl ether. Lithium methyl 4-nitrophenyl phosphate was 

obtained as a white solid (0.15 g, 45%). 1H NMR (400 MHz, CD3CN/DMSO) : δ (ppm) 8.11 

(d, 2H, 3J=9.2 Hz), 7.40 (d, 2H, 3J=9.1 Hz), 3.52 (d, 3H, 3J(H,P)=11.1 Hz). 13C NMR (400 
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MHz, CD3CN/DMSO): 160.5, 143.2, 126.0, 121.0, 53.3; 31P NMR (400 MHz, 

CD3CN/DMSO): δ (ppm) -4.4 ppm (referenced against H3PO4 standard). 

Synthesis of Benzyl-TMG  

Benzyl-TMG was synthesised according to a reported literature procedure,22 obtaining 

benzyl-TMG (2.78 g, 14%). 1H NMR (400 MHz, CDCl3): δ (ppm) 7.38 (d, 2H), 7.29 (t, 1H), 

7.17 (t, 2H), 4.39 (s, 2H), 2.75 (d, 12H). 13C NMR (400 MHz, CDCl3): δ (ppm) 160.9, 143.8, 

128.0, 127.1, 125.8, 53.2, 40.0. Microanalysis (%) calculated for C12H19N3: C 70.20, H 9.33, 

N 20.47; Found: C 70.08, H 9.48, N 20.19. Mass spec calculated for ([C12H19N3]+H)+: 206.3; 

Found 206.2.  

Synthesis of TMG-HCP derived from benzyl-TMG (with FDA)  

Benzyl-TMG was crosslinked using the knitting procedure described in Chapter 2.  

Benzyl-TMG (1 equivalent, 0.85 g, 4.14 mmol) was crosslinked using formaldehyde 

dimethyl acetal (2 equivalents, 0.73 mL, 8.28 mmol) and iron(III) chloride (4.0 equivalents, 

2.7 g, 16.56 mmol) in anhydrous 1,2-dichloroethane (8 mL) to produce HCP (0.63 g, 66%) 

after washing and Soxhlet extraction with methanol. Microanalysis (%) calculated for 

C14H21N3: C 72.69, H 9.15, N 18.16; Found: C 63.58, H 6.63, N 9.94. 

Synthesis of HCP derived from benzyl-TMG (without FDA)  

Benzyl-TMG (1 equivalent, 0.53 g, 2.59 mmol) was dissolved in anhydrous 

1,2-dichloroethane (5 mL) under a nitrogen atmosphere, prior to addition of iron(III) chloride 

(4.0 equivalents, 1.68 g, 10.35 mmol). The mixture was heated to 80 °C for 18 hours. This 

resulted in a precipitated solid which was filtered, washed with methanol three times until the 

filtrate was clear then washed once with dichloromethane and water. The solid was dried in a 

vacuum oven at 60 °C overnight to produce the benzyl-derived HCP (0.22 g, 73%). 

Microanalysis (%) calculated for C9H9: C 92.26, H 7.74 N 0.00; Found: C 72.11, H 4.07, N 

0.79.  
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Synthesis of TMG–HCPs from TMG functionalised 4,4’-bis(chloromethyl)-1,1’-

biphenyl  

1,1,3,3-Tetramethylguanidine (0.25 equivalents, 0.18 mL, 1.4 mmol) was reacted with 

4,4’-bis(chloromethyl)-1,1’-biphenyl (1 equivalent, 1.4 g, 5.5 mmol) in anhydrous 

1,2-dichloroethane (40 mL). The solution was heated under reflux overnight. Iron(III) 

chloride (0.9 g, 5.5 mmol) was then added to the mixture and heated at 80 °C overnight. After 

cooling, the solid from the reaction was filtered, washed with methanol several times 

followed by a Soxhlet extraction in methanol overnight. The solid was then dried in a vacuum 

oven at 60 °C overnight to produce the TMG functionalised biphenyl derived HCP (0.95 g). 

HCP synthesis for the 1.5 TMG equivalents HCP  

1,1,3,3-Tetramethylguanidine (1.5 equivalents, 1.0 mL, 8.25 mmol) was reacted with 

4,4’-bis(chloromethyl)-1,1’-biphenyl (1 equivalent, 1.4 g, 5.5 mmol) in anhydrous 

1,2-dichloroethane (15 mL). The solution was heated under reflux overnight. Iron(III) 

chloride (0.9 g, 5.5 mmol) was then added and heated overnight under reflux. After this time, 

no solid precipitated from the reaction, therefore formaldehyde dimethyl acetal (3.2 

equivalents, 1.6 mL, 17.6 mmol) and additional iron(III) chloride (2.9 g, 17.6 mmol) was 

added and heated at 80 °C overnight. The resulting solid was filtered and work up performed 

in the same way as for the 0.25 equivalents TMG polymer, to produce the final solid (1.77 g). 

HCP synthesis for the 4.0 TMG equivalents HCP  

1,1,3,3-Tetramethylguanidine (4.0 equivalents, 2.8 mL, 22 mmol) was reacted with 

4,4’-Bis(chloromethyl)-1,1’-biphenyl (1 equivalent, 1.4 g, 5.5 mmol) in anhydrous 

1,2-dichloroethane (15 mL). The solution was heated under reflux overnight. After heating 

overnight, formaldehyde dimethyl acetal (3.2 equivalents, 1.6 mL, 17.6 mmol) and iron(III) 

chloride (3.8 g, 23.4 mmol) was added and heated at 80 °C overnight. After this period of 

heating, no solid precipitated therefore a further amount of formaldehyde dimethyl acetal 

(1.6 mL) and iron(III) chloride (3.8 g) was added and heated at 80 °C overnight. The 

resulting solid was filtered and work up performed in the same way as before to produce the 

final solid (1.32 g). 
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Breakdown studies 

All breakdown reactions were performed at ambient temperature. 31P NMR for breakdown 

experiments, using MP, was performed on a Bruker 500 MHz spectrometer. 31P NMR for 

breakdown experiments, using GB and VX, was performed on a Bruker 400 MHz 

spectrometer. Deuterated acetonitrile was used as NMR solvent for all experiments. An 

internal reference, 1% H3PO4 in deuterium oxide (0.0 ppm, singlet), sealed in a glass 

capillary, was used in all 31P NMR experiments unless stated otherwise.  

Breakdown experiments conducted at 60 °C using the TMG functionalised HCPs were tested 

using the procedure described in the experimental section of Chapter 4.  

The reactions involving the CWAs, GB, and VX, were carried out under the same conditions 

as with MP. All reactions with GB and VX were carried out at Dstl by trained personnel 

using appropriate care and equipment due to the lethal toxicity of the agents. 

Variation in water content, with TMG as base.  

MP (3 μL, 0.0168 mmol, 1 equivalent) was added to a water (1, 5, 10, 25, 50, 150, 300, 600, 

or 800 equivalents) solution containing TMG (5 equivalents). The resulting solution was 

stirred in a vial at ambient temperature for 24 hours. After such time, CD3CN (ca. 0.5 mL) 

was added and the solution transferred to an NMR tube, fitted with a glass capillary 

(containing 1% H3PO4 as internal standard). The 31P {1H} NMR was recorded within 1 hour 

of transfer of the solution. 

Reaction of TMG, MTBD, or DBU with MP, in absence of water.  

The base, TMG, MTBD, or DBU, (2 equivalents) was added to a vial prior to the addition of 

MP (3 μL, 0.0168 mmol, 1 equivalent). The resulting solution was stirred in a vial at ambient 

temperature for 24 hours. After such time, CD3CN (ca. 0.5 mL) was added and the solution 

transferred to an NMR tube, fitted with a glass capillary (containing 1% H3PO4 as internal 

standard). The 31P{1H} NMR was recorded within 1 hour of transfer of the solution from the 

vial. 
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Screening of bases.  

The base (8.8 equivalents) was dissolved in a water/deuterated acetonitrile mixture (0.5 mL, 

1:1 v/v). To this solution, MP (3 μL, 0.0168 mmol, 1 equivalent) was added. The solution 

was transferred to an NMR tube, fitted with a glass capillary (containing 1% H3PO4 as 

internal standard). 31P {1H} NMR was recorded within the first hour for each sample. Further 

monitoring of the reaction solution was carried out until complete conversion was achieved, 

established by the disappearance of the MP peak at −4.5 ppm. 

Variation in TMG or MTBD content, in excess water.  

MP (3 μL, 0.0168 mmol, 1 equivalent) was added to a water/CD3CN solution (0.5 mL, 1 :1 

v/v) containing either TMG (1.0, 2.5, 5.0, or 9.0 equivalents) or MTBD (1.0, 2.5, 5.0, or 9.0 

equivalents). The resulting solution was stirred in a vial at ambient temperature for 24 hours. 

After such time, the solution was transferred to an NMR tube, fitted with a glass capillary 

(containing 1% H3PO4 as internal standard). The 31P{1H} NMR was recorded within 1 hour 

of transfer of the solution from the vial. 

Warning: Due to the lethal toxicity of chemical warfare agents such as GB and VX, all 

breakdown experiments using the real agents and also the CWA simulant was carried out in a 

fully functional fume hood with the sash set to a minimum to reduce exposure. Standard 

personal protective clothing (safety glasses, lab coat and gloves) was used during the 

reactions. All glassware (vials, pipettes) contaminated with GB or VX was decontaminated 

by allowing the glassware to soak overnight in aqueous sodium hypochlorite (14% available 

chlorine), prior to rinsing with water. All glassware (vials, pipettes) contaminated with MP 

was decontaminated by allowing the glassware to soak overnight in aqueous potassium 

hydroxide (2 M). The glassware was thoroughly rinsed with water before removing from the 

fume hood. All equipment besides glassware (plastic syringes, pipette tips, gloves, blue roll) 

were disposed via specialist solid waste and remained in the fume hood at all times. 
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3.5 Appendix 
 

 

 

   

 

Fig. A3.1 31P{1H} NMR spectrum for breakdown of MP, using TBD, after 1 hour. 
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Fig. A3.2  31P{1H} NMR spectrum for breakdown of MP, using MTBD, after 1 hour. 

 
Fig. A3.3  31P{1H} NMR spectrum for breakdown of MP, using DBU, after 1 hour. 
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Fig. A3.4  31P{1H}NMR spectrum for breakdown of MP, using TMG, after 2.5 hours. 

 

Fig. A3.5  31P{1H} NMR spectrum for breakdown of MP, using quinuclidine, after 1 hour. 
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Fig. A3.6  31P{1H} NMR spectrum for breakdown of MP, using triethylamine, after 4 days. 

 

Fig. A3.7 31P{1H} NMR spectrum for breakdown of MP, using DMAP, after 4 days. 
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Fig. A3.8 31P{1H} NMR spectrum for breakdown of MP, using benzylamine, after 4 days. 

 

Fig. A3.9  31P{1H} NMR spectrum for breakdown of MP, using DABCO, after 1 hour.  
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Fig. A3.10  31P{1H} NMR spectrum for  breakdown of MP, using imidazole, after 28 days. 

 

Fig. A3.11 31P{1H} NMR spectrum for breakdown of MP, using 1,3-aminopropylimidazole, 
after 4 days. 
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Fig. A3.12 31P{1H} NMR spectrum for breakdown of MP, using 1-benzylimidazole, after 68 
days. 

 

Fig. A3.13 31P{1H} NMR spectrum for breakdown of MP, using pyridine, after 34 days.  
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Fig. A3.14 31P{1H} NMR spectrum for breakdown of MP, using aniline, after 68 days. 

 

 

Fig. A3.15 31P{1H} NMR spectra for reaction of MP in water and CD3CN (1:1 v/v), conditions used 
for screen of bases (Table. 3.1) after (a) 24 hours, (b) 4 days and (c) approximately 7 months at room 
temperature. Inserts show the splitting of the peaks from the 31P NMR. The peak at 0.0 ppm is from 
the phosphoric acid standard. 
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Fig. A3.16 31P{1H} NMR spectra obtained for the breakdown of methyl paraoxon (MP) with 
varying amounts of water (1–800 equivalents) and 5 equivalents of the TMG base, after 24 
hours at room temperature. The peak at 0.0 ppm is from the phosphoric acid standard.  

 

Fig. A3.17 31P{1H} NMR for reaction of MTBD (1.0, 2.5, 5.0, and 9.0 equivalents) against 
MP using excess water (827 equivalents), after 24 hours at room temperature. The peak at 0.0 
ppm is from the phosphoric acid standard. Product dimethyl phosphate (DMP) and starting 
simulant methyl paraoxon (MP) assigned. 
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Fig. A3.18 31P NMR for reactions of  MP  using (a) 800, (b)  50, and (c) 1 equivalent of 
water without the presence of base, after 24 hours at room temperature. The peak at 0.0 ppm 
is from the phosphoric acid standard. 
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Fig. A3.19 31P NMR for reactions of  GB  using (a) 800, (b) 50, and (c) 1 equivalent of water 
without the presence of base, after 24 hours at room temperature. The desired breakdown 
product for GB hydrolysis, isopropyl methylphosphonic acid (iPMPA), assigned.  
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Fig. A3.20 31P NMR for reactions of  VX  using (a) 800, (b) 50, and (c) 1 equivalent of water 
without the presence of base, after 24 hours at room temperature. The desired breakdown 
product, ethyl methyl phosphonate (EMPA), thioic acid product, at 70 ppm, and toxic 
breakdown product (EA-2192) assigned. 
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Fig. A3.21 (a) 31P{1H} NMR, and (b) 31P NMR  for reactions of  MP  using 800, 50, and 1 
equivalent of water, with TMG as base (5 equivalents), after 24 hours at room temperature. 
The peak at 0.0 ppm is from the phosphoric acid standard, absent from the 50 equivalents 31P 
NMR. 
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Fig. A3.22 31P NMR for reactions of  GB  using (a) 800, (b) 50, and (c) 1 equivalent of water, 
with TMG as base (5 equivalents), after 24 hours at room temperature. The desired 
breakdown product for GB hydrolysis, isopropyl methylphosphonic acid (iPMPA), assigned. 
GB agent, present in spectrum (c) occurs as a doublet due to phosphorus-fluorine coupling.  
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Fig. A3.23 31P NMR for reactions of  VX  using (a) 800, (b) 50, and (c) 1 equivalent of 
water, with TMG as base (5 equivalents), after 24 hours at room temperature. The desired 
breakdown product, ethyl methyl phosphonate (EMPA) and toxic breakdown product 
(EA-2192) assigned.  
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Fig. A3.24 (a) 31P{1H} NMR, (b) 31P NMR, and (c) 1H NMR for reaction of TMG, MTBD, 
and DBU (2 equivalents) against MP without addition of water, after 24 hours at room 
temperature. The peak at 0.0 ppm is from the phosphoric acid standard. Products including 4-
nitrophenolate (4NP), dimethyl phosphate (DMP), methyl 4-nitrophenyl phosphate (M4NP), 
4-nitroanisole (4NA), and dimethyl (bis(dimethylamino)methylene)phosphoramidate (TMG-
P)  assigned. 
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Fig. A3.25 (a) 31P NMR for reactions of (a) TMG, (b) DBU, and (c) MTBD (2 equivalents) 
against GB without addition of water, after 24 hours at room temperature. The desired 
breakdown product for GB hydrolysis, isopropyl methylphosphonic acid (iPMPA), assigned. 
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Fig. A3.26 (a) 31P NMR for reactions of (a) TMG, (b) DBU, and (c) MTBD (2 equivalents) 
against VX without addition of water, after 24 hours at room temperature. The desired 
breakdown product, ethyl methyl phosphonate (EMPA), and thioic acid product, at 70–75 
ppm assigned.  
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Table A3.1 Breakdown products (%) for hydrolysis of MP, GB, and VX with varying 
amounts of water (1,50, and 800 equivalents) in the absence and presence of 5 equivalents 
TMG base, after 24 hours at room temperature. Dimethyl phosphate (DMP), methyl 4-
nitrophenyl phosphate (M4NP), dimethyl (bis(dimethylamino)methylene)phosphoramidate 
(TMG-P), isopropyl methylphosphonic acid (iPMPA), and ethyl methyl phosphonate 
(EMPA).  

CWA/ 
simulant 

Water 
(equivalents) 

TMG 
(equivalents) 

Percentage products (%) 
DMP M4NP TMG-P iPMPA GB 

other 
EMPA VX 

other 
MP 1 0 0 0 0     

50 0 0 0 0     
800 0 0 0 0     

GB 1 0    97 2   
50 0    96 3   

800 0    96 3   
VX 1 0      0 0 

50 0      1 2 
800 0      9 16 

MP 1 5 35 41 24     
50 5 97 1 2     

800 5 100 0 0     
GB 1 5    91 6   

50 5    97 2   
800 5    95 4   

VX 1 5      1 1 
50 5      86 13 

800 5      88 11 
 

Table A3.2 Breakdown products (%) for breakdown of MP, GB, and VX against bases TMG, 
DBU, and MTBD, without addition of water, after 24 hours at room temperature. Dimethyl 
phosphate (DMP), methyl 4-nitrophenyl phosphate (M4NP), 
dimethyl (bis(dimethylamino)methylene)phosphoramidate (TMG-P), isopropyl 
methylphosphonic acid (iPMPA), and ethyl methyl phosphonate (EMPA). 

CWA/simulant Base  Percentage products (%) 
DMP M4NP TMG-P iPMPA GB 

other 
EMPA VX 

other 
MP TMG 28 48 24     

DBU 40 60 0     
MTBD 29 71 0     

GB TMG    33 9   
DBU    7 35   

MTBD    11 65   
VX TMG      0 0 

DBU      6 1 
MTBD      9 1 
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Fig. A3.27 31P{1H} NMR obtained in CD3CN for reaction of the benzyl-TMG monomer (9 
equivalents) against MP in the presence of water (50 equivalents), after 24 hours at ambient 
temperature. The peak at 0.0 ppm is from the phosphoric acid standard.  

 

Fig. A3.28 1H NMR obtained in CD3CN for testing of MP breakdown using the TMG 
functionalised HCP (prepared using 0.25 equivalents of TMG) in the presence of 200 
equivalents of water after 3 days at 60 °C.   
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Fig. A3.29 1H NMR obtained in CD3CN for testing of MP breakdown using the TMG 
functionalised HCP (prepared using 4 equivalents of TMG) in the presence of 200 
equivalents of water after 3 days at 60 °C.   
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4.1 Abstract 
 

This chapter focuses on using hydroxide as the active component in order to allow for the 

breakdown of CWAs and their simulants. The use of hydroxide for the breakdown of nerve 

agents such as GB and VX was initially targeted following the testing of the nitrogen bases 

against such agents in Chapter 3.  

The use of hydroxide is an effective means to breakdown CWAs using strongly basic 

solutions such as diethylenetriamine and sodium hydroxide in 2-methoxyethanol, known 

most commonly as the DS2 solution. This has been used for many years to decontaminate 

equipment exposed to CWAs.1 Despite effectiveness for the breakdown of CWAs, such 

mixtures are severely corrosive. They pose a risk not only to the personnel responsible for the 

administration of the solutions but to the equipment the CWAs come into contact with, such 

as stainless steel barrels which are used to store stockpiles of CWAs. The development of an 

effective hydroxide containing polymer to allow for the breakdown of CWAs would be of 

interest and help overcome the problems outlined in the previous chapter, when attempting to 

incorporate nitrogen containing bases into HCPs. In addition, using hydroxide could 

potentially allow for the breakdown of CWAs without the need to add water, one of the main 

problems faced in the previous chapter whereby a large amount of water was necessary to 

ensure high levels of methyl paraoxon (MP) breakdown to dimethyl phosphate (DMP) at 

ambient temperature. 

In this chapter, routes to incorporate hydroxide into porous organic polymers (POPs) are 

explored in order to facilitate the breakdown of CWAs and simulants. The grafting of HCPs 

with tetramethylammonium hydroxide (TMAH) is shown to be effective for the breakdown 

of MP at 60 °C. Attempts to improve the conversion at 60 °C and more importantly at 

ambient temperature by increasing the ion-exchange capacity (IEC) of the polymer and hence 

hydroxide loading are discussed. The MP breakdown performance of the grafted HCPs are 

then compared with two conventional hydroxide containing resins, prior to testing of one of 

resins against CWAs; GB, VX, and HD.  
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4.2 Results and discussion 

 

4.2.1 Screening hydroxide containing small molecules 
 

Similar to the screening of the nitrogen containing bases, low molecular weight hydroxides 

were screened against MP both in the presence and absence of water.  

Sodium hydroxide was tested under the same conditions as used in the screen of the nitrogen 

containing bases and displayed the same behaviour as the stronger bases (TMG, DBU, and 

MTBD), with complete conversion to DMP observed within 1 hour at ambient temperature 

(Fig. A4.1). Inspired by the result of MP breakdown with sodium hydroxide in the presence 

of water, the effectiveness of combining sodium hydroxide with a HCP was examined. An 

ad-mixture of sodium hydroxide and HCP, derived from biphenyl, was prepared by grinding 

together in a pestle and mortar. The mixture showed effective conversion of MP to 

exclusively DMP at ambient temperature (Fig. A4.2). Despite being effective for MP 

breakdown, the sodium hydroxide–HCP ad-mix consisted mainly of sodium hydroxide and 

very little polymer (5 wt%). The large amount of sodium hydroxide was required to ensure 

complete conversion of MP to exclusively DMP after 5 days at ambient temperature. While 

this mixture was effective for the breakdown of MP, the high sodium hydroxide content 

would again be very corrosive and hence little if any improvement compared to the classical 

basic decontamination solutions. It would also be of little benefit for the absorption of the 

CWA, with additional solid required to ensure complete immobilisation. 

Therefore, ways in which hydroxide could be incorporated into a polymer were explored. 

Similar to sodium hydroxide, the base tetrabutylammonium hydroxide in the presence of 

water was effective in decomposing MP to produce exclusively DMP within 1 hour at 

ambient temperature (Fig. A4.3). Inspired by this result, we tested N-benzylpyridinium 

hydroxide synthesised according to Scheme 4.1. Such benzylic structures provide a route to 

incorporate the quaternary ammonium group with hydroxide as counter-ion into a POP by 

crosslinking on the benzene ring.   
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Scheme 4.1 The synthesis of N-benzylpyridinium hydroxide. 

Testing N-benzylpyridinium hydroxide against MP showed breakdown could take place both 

in the presence and absence of water to produce predominately DMP (Table 4.1). Compared 

with the breakdown of MP using the hydroxide form of the compound, the corresponding 

halide form (compound 1, Scheme 4.1) was much less effective, showing only an 8% 

conversion of the MP to methyl 4-nitrophenyl phosphate (M4NP).  

Table 4.1 The breakdown conversion and product distribution for testing of compounds 1 

and 2 (Scheme 4.1) against MP in the presence and absence of water after 24 hours at 

ambient temperature. 31P NMR spectra for the breakdown reactions are shown in 

Appendix A4, Fig. A4.4-6.  

Compound No. equivalents 

hydroxide  

No. equivalents 

water  

Conversion  

(%) 

Product distribution 

(%) 

M4NP DMP 

1 4 400 8 100 0 

2 4 400 85 0 100 

2 4 0 47 21 79 

 

Attempts to cross-link benzylpyridinium bromide (compound 1, Scheme 4.1) via the knitting 

route using FDA and FeCl3 failed to produce solid from the reaction. This was also the case 

for benzyltrimethylammonium bromide. These two monomers displayed low solubility in the 

solvents most commonly used for the crosslinking reaction, dichloroethane and 

dichloromethane. Running the reactions in a mixture of dichloroethane and methanol to 

ensure complete solubilisation of the monomer also failed to produce polymer at the end of 

the reaction.  

In order to investigate in more detail why the counter-ion monomers failed to crosslink to 

produce HCP, the same crosslinking reaction using a dichloroethane and methanol mixture 
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was carried out. However this time, anisole was used as the monomer, one of the monomers 

previously used in Chapter 2 to successfully form HCPs in 100% dichloroethane. The 

crosslinking of anisole was performed in a mix of dichloroethane and methanol (1:1 v/v %), 

as the reaction solvent. This reaction produced only a small amount of insoluble solid at the 

end of the reaction, which had a SABET of 27 m2 g-1. Addition of methanol to the reaction 

mixture after filtration of this solid resulted in precipitation, likely small oligomers as 

indicated by the presence of broad peaks in the 1H NMR of the precipitated solid (Fig. 4.1), 

with the solid being soluble in dichloroethane and dichloromethane. The HCP reaction using 

methanol as one of the reaction solvents was performed at a lower temperature of 60 °C, 

compared to the usual reaction temperature of 80 °C when using 100% dichloroethane. 

However, the synthesis of a HCP from anisole at 60 °C in 100% dichloroethane remained 

successful, with production of solid at the end of the reaction, albeit with a slightly lower 

SABET (529 m2 g-1) compared to the 80 °C synthesis (627 m2 g-1). Varying the nature of the 

reaction solvent for the HCP reaction suggested the reason why the counter-ion monomers 

did not form HCP was due to the poor solubility of the monomers in the reaction solvent 

dichloroethane. Whilst methanol fully dissolved the monomers, its presence caused the 

crosslinking to fail. This is possibly due to reaction of methanol with FeCl3.  

 

Fig. 4.1 1H NMR spectrum obtained in deuterated dichloromethane (*) of the solid 

precipitated in methanol, for the HCP synthesised using anisole with dichloroethane and 

methanol as the reaction solvents (1:1 v/v %).   
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4.2.2 Grafting POPs with TMAH  
 

Small molecules containing hydroxide were effective in allowing for the breakdown of MP, 

both in the presence and absence of water at ambient temperature. A number of routes to 

incorporate hydroxide groups into HCPs proved unsuccessful, for instance by crosslinking 

the aromatic ring on benzyltrimethylammonium hydroxide. As a result, a different procedure 

was adopted to allow for the synthesis of hydroxide containing polymers. This procedure was 

based on grafting POPs, mainly HCPs, with the strongly basic trimethylammonium 

hydroxide (TMAH) via a post synthetic modification of the HCP (Scheme 4.2). The stability 

of the benzylic quaternary ammonium groups is known to be dependent on the susceptibility 

of the quaternary ammonium cation towards hydroxide attack.2 Alkylammonium groups such 

as TMAH have good stability in water from attack of hydroxide at the benzylic position after 

24 hours at 60 °C. 

 

 

Scheme 4.2 Post modification (grafting) of a HCP derived from 1,3,5-triphenylbenzene 

(TPB) with trimethylammonium hydroxide (TMAH).  

 

4.2.2.1 Grafting HCPs with TMAH 

 

Initial experiments  

Three HCPs were chosen for grafting using the procedure shown in Scheme 4.2. Two of the 

HCPs derived from biphenyl and 1,3,5-triphenylbenzene (TPB) were synthesised via the 

knitting procedure.3 The HCP derived from TPB was also synthesised via the Scholl coupling 

reaction.4 All three polymers produced had a SABET above 1,000 m2 g-1 prior to grafting with 

TMAH (Table 4.2). The biphenyl and TPB HCPs synthesised via the knitting procedure 

possessed high uptakes in acetonitrile (reaction solvent used for breakdown testing), with the 
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TPB HCP having a much higher uptake compared to the fluorobenzene derived HCP, the best 

performing HCP for uptake in Chapter 2. This may be a consequence of the much larger 

SABET for these HCPs compared to the fluorobenzene derived HCP (SABET=698 m2 g-1). The 

uptake capacity for the biphenyl and TPB derived HCPs were much larger compared to the 

Scholl coupled polymer (Table 4.2). This is a consequence of the aryl-aryl bond coupling 

occurring in the Scholl reaction with this reaction producing a more rigid network,4 

restricting expansion of the network when occupied by solvent in contrast to the HCP 

networks synthesised via the knitting route.        

Table 4.2 Properties of the three polymers grafted with TMAH showing the SABET and 

uptake capacity before and after grafting, along with the ion-exchange capacity (IEC) for the 

final polymer in its hydroxide form. Uptake and swelling in acetonitrile and IEC values 

calculated as an average of three measurements, with error (shown in brackets) calculated as 

the standard deviation.  

HCP derived 

from 

SABET  

(m2 g-1) 

 Parent 

SABET  

(m2 g-1) 

Grafted 

   Uptake 

(mL g-1) 

Parent 

Uptake 

 (mL g-1) 

Grafted 

Swelling 

(mL g-1) 

Grafted 

IEC  

(mmol g-1) 

Biphenyl  

(HCP) 

1882 1082 17.5 

 (+/- 1.5) 

8.4 

 (+/- 0.6) 

5.0 

 (+/- 0.3) 

1.34 

 (+/- 0.04) 

TPB 

(Scholl) 

2438 1014 9.0 

 (+/- 1.0) 

4.1 

(+/- 0.6) 

1.7 

 (+/- 0.2) 

0.96 

 (+/- 0.03) 

TPB 

(HCP) 

1557 1033 33.8 

 (+/- 1.0) 

15.0 

 (+/- 0.2) 

8.6 

 (+/- 0.1) 

1.22 

 (+/- 0.07) 

 

The incorporation of TMAH into the polymers was confirmed by measuring the 

ion-exchange capacity (IEC) calculated by an acid-base back titration, TGA, gas sorption, 

uptake capacity, elemental analysis, and FTIR. 

The grafted polymers had IEC values in the range of 0.96 to 1.34 mmol g-1. The grafted 

version of the Scholl coupled polymer produced the lowest IEC out of the three, despite the 

parent polymer having the largest SABET. This could be due to the lower swelling of the 

Scholl coupled polymer compared to the knitted HCPs (Table 4.2), resulting in less 

functionalisation during the post synthetic modification. A certain degree of swelling of the 
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polymer may be necessary for chemical transformations within the polymer network to occur 

in a high yield. The grafted form for the two knitted HCPs produced similar IEC values 

(Table 4.2).  

All the grafted polymers showed a decrease in SABET and uptake upon grafting (Table 4.2). 

Due to the much higher uptake capacity of the TPB derived HCP, the uptake after grafting of 

this HCP still remained high in line with the uptake of the fluorobenzene-derived HCP 

(Chapter 2).  

From the nitrogen content of the grafted HCP, obtained by the elemental analysis for the 

hydroxide polymers, the percentage of aromatic rings functionalised was calculated 

suggesting around 10–20% of rings were grafted with TMAH (Table 4.3). This is consistent 

with the SABET for all three networks, which showed retention of the porosity above 

1,000 m2 g-1 after grafting of the polymers.  

Table 4.3 Nitrogen content obtained from elemental analysis for the grafted polymers in 

hydroxide form, showing the percentage of aromatic rings grafted with TMAH. Percentage 

based on grafting the repeat unit with TMAH.  

HCP derived from Nitrogen content  

(%) 

Percentage aromatic 

rings functionalised  

Biphenyl  

(HCP) 

1.67 19 

TPB 

(Scholl) 

1.14 10 

TPB 

(HCP) 

1.39 14 

 

Due to the relatively low loading of TMAH in the polymers, it was difficult to observe any 

distinct changes in the FTIR spectra of the polymers after functionalisation (Fig. 4.2). For 

instance, no new peaks at 2900 cm-1 and in the 1050–1350 cm-1 region, where the C–H 

stretch (from NMe3) and C–N stretch (from C–N+Me3) would be expected, respectively, were 

evident. The most obvious difference in the FTIR upon grafting of the polymers was the 

3200–3500 cm-1 region. The appearance of a broad peak for the polymer produced from the 

second (HCP-CH2N+(CH3)3-Cl-) and third stage (HCP-CH2N+(CH3)3-OH-) of the grafting 
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procedure indicated the formation of a counter-ion within the polymers. A peak in this region 

occurring due to physisorbed water in the HCP networks,3, 5 suggested greater amounts of 

water in the polymers functionalised with the quaternary ammonium groups compared to the 

unfunctionalised parent polymer. More distinct changes in the FTIR were evident in the FTIR 

spectra obtained for grafting PAF-1, shown in Chapter 5.2.2.3.  

 

 

Fig. 4.2 FTIR spectra obtained at different stages for the grafting of the HCP derived from 

biphenyl. FTIR spectra for the grafted polymers derived from TPB is shown in Fig. A4.7-8.  

 

TGA analysis also helped to confirm the successful grafting of the polymers with TMAH. 

The most noticeable difference was from the initial mass loss at 25–150 °C (Fig. 4.3). This 

mass loss only occurred for the hydroxide and halide form of the functionalised polymer and 

was assigned to the loss of physisorbed water. There was also a more noticeable stepwise 

drop in the 150–200°C temperature range for the halide form of the polymer compared to the 
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polymer in the hydroxide form. This loss was later confirmed to occur from release of 

trimethylamine (Chapter 5.2.2.2). After grafting of the polymers, the decomposition of the 

polymer occurred at the same temperature of around 350 °C. Some of the parent polymers 

also showed an increase in mass between 300 to 400 °C (Fig. 4.3 & Fig. A4.9). This increase 

may be explained by oxidation of residual catalyst residues, AlCl3 or FeCl3, in the polymers 

under the conditions used to run the TGA experiments.  

 

Fig. 4.3 TGA profile for the parent polymer derived from biphenyl (black line), grafted 

polymer obtained from the first step (HCP-CH2Cl) blue line, second step 

(HCP-CH2N+(CH3)3-Cl-) green line and third step (HCP-CH2N+(CH3)3-OH-) red line. TGA 

profiles for grafting of the TPB polymers is shown in Fig. A4.9-10.  

The initial mass loss in the TGA profile occurring as a result of physisorbed water was 

confirmed from an experiment whereby the TGA for the grafted HCP, in its hydroxide form, 

was recorded at 25 °C for 90 minutes for the as-synthesised (black line), dried (green line), 

and re-hydrated (red line) grafted HCPs (Fig. 4.4). The differences observed between the 

three TGA plots was as a result of the release (black line), removal (green line), and re-uptake 

(red line) of water by the grafted HCP.  
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Fig. 4.4 TGA profile for the grafted HCP derived from TPB obtained for the HCP 

as-synthesised (black line), 1 hour after drying HCP at 200 °C (green line) or after 3 days 

exposure to the atmosphere (red line). The procedure used to record the TGA was 

10 °C min-1 to 25 °C, isothermal 30 minutes under nitrogen, switch to air, isothermal 30 

minutes, switch to nitrogen, isothermal 30 minutes.  

The hydroxide-containing polymers were tested against MP in deuterated acetonitrile using 

the procedure described in the experimental section. Acetonitrile was chosen as the reaction 

solvent since this was used in the previous work involving the nitrogen bases (Chapter 3) 

and afforded good solubility of MP and its breakdown products. 1H NMR analysis was 

carried out after removal of the solid by filtration. The percentage conversion and product 

distribution were calculated by the integration of the respective peaks (Fig. 4.5). Unlike with 

the testing of the nitrogen bases against MP, 31P NMR could not be obtained for the 

breakdown experiments since the concentration of MP and its associated breakdown products 

in the acetonitrile solution after filtering of the polymer was too low.  
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Fig. 4.5 1H NMR spectra obtained in CD3CN after testing the grafted HCP derived from 

biphenyl against MP after (a) 3 days at 60 °C and (b) 3 days at ambient temperature. 

Two equivalents of hydroxide to MP were used, based on the measured IEC of the polymer. 

Conversion and product selectivity calculated using integration of peaks between 3.4 and 4.0 

ppm that correspond to MP, TMP, M4NP, and DMP.  
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The three grafted polymers were tested against MP for 3 days at 60 °C. These conditions 

were chosen since the TMG–HCPs (Chapter 3) were unsuccessful for the breakdown of MP 

at ambient temperature. Therefore, it was decided to screen the polymers initially at a higher 

temperature. All three of the grafted polymers were effective at 60 °C and exhibited over 

60% conversion (Table 4.4), with the grafted form of the Scholl polymer displaying the 

lowest conversion. Although the mass of all three polymers was adjusted so that 

2 equivalents of hydroxide to MP were present, the density of hydroxide in the Scholl 

polymer would be lower due to its low IEC. A reduced density of hydroxide in the polymer is 

likely to slow the conversion for MP breakdown. In addition, as the swelling of the grafted 

Scholl polymer is lower it may reduce accessibility of MP to the active sites within the 

polymer. Two equivalents of hydroxide were used to ensure an excess of hydroxide was 

present. In addition, complete conversion of MP after 24 hours at ambient temperature could 

be achieved when using 2 equivalents of the TMG base (Chapter 3).  

Besides the peaks corresponding to the breakdown products outlined above, a peak at 

3.07 ppm was observed in the 1H NMR for the breakdown reactions. This peak was 

confirmed to be from trimethylamine, assigned due to the appearance of an intense singlet 

peak in this region of the 1H NMR from the reaction of trimethylamine against MP 

(Fig. A4.17). Trimethylamine reacted with MP to produce a 99% conversion to exclusively 

M4NP, after 3 days at 60 °C. A peak corresponding to trimethylamine would occur in the 

NMR of the breakdown reactions due to either trimethylamine residues remaining in the HCP 

after functionalisation and/or the breakdown reaction taking place at 60 °C. TMAH groups 

present in the grafted HCPs can be susceptible to an SN2 nucleophilic attack of hydroxide at 

the benzylic carbon, prompting the release of trimethylamine, even after a few days at room 

temperature when a scarce amount of water is present.6 It is interesting to note the 

trimethylamine peak was more intense for the breakdown reactions conducted at 60 °C 

compared to the ambient temperature reactions (Fig. 4.5).  

The polymers were also tested against MP at ambient temperature, a more practically relevant 

temperature. At ambient temperature, the grafted polymers were far less effective reaching 

only 15% conversion after 4 days using the hydroxide derived biphenyl HCP (Table 4.4). 

In contrast to the breakdown observed when testing MP breakdown using the grafted HCPs, 

no breakdown was observed by 1H NMR when testing MP in the absence of a grafted 

polymer after 3 days at 60 °C (Fig. A4.18).  
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Table 4.4 Breakdown conversion (%) and product distribution observed after testing of the 

grafted polymers against MP at either 60 °C or ambient temperature. Uptakes in acetonitrile 

and IEC values calculated as an average of three measurements, with error (shown in 

brackets) calculated as the standard deviation. The SABET and uptake values (in acetonitrile) 

are shown for the hydroxide form of the grafted HCPs. The 1H NMR spectra for the 

breakdown reactions are shown in Fig. A4.11-16.  

HCP  SABET  

(m2 g-1) 

Uptake 

 (mL g-1) 

IEC  

(mmol g-1) 

Conditions Conversion 

(%) 

Product distribution 

(%) 

TMP M4NP DMP 

Biphenyl  

(HCP) 

1082 8.4 

 (+/- 0.6) 

1.34 

 (+/- 0.04) 

3 days 60 °C 81 25 61 14 

4 days RT  15 15 68 17 

TPB 

(Scholl) 

1014 4.1 

(+/- 0.6) 

0.96 

 (+/- 0.03) 

3 days 60 °C 61 3 94 3 

6 days RT 14 4 89 6 

TPB 

(HCP) 

1033 15.0 

 (+/- 0.2) 

1.22 

 (+/- 0.07) 

3 days 60 °C 81 8 85 7 

4 days RT 6 100 0 0 

 

The breakdown of MP using the grafted polymers produced a mixture of three phosphorus 

breakdown products; trimethyl phosphate (TMP), methyl 4-nitrophenyl phosphate (M4NP) 

and dimethyl phosphate (DMP). TMP was assigned by the appearance of a doublet in the 1H 

NMR at 3.7 ppm. The presence of TMP was confirmed by the addition of commercial TMP 

(Sigma, 241024) to the NMR sample (Fig. 4.6). 

In contrast to the M4NP and DMP breakdown products observed previously when testing the 

nitrogen bases against MP, TMP was not observed. In addition, when the nitrogen bases were 

tested against MP, methanol was not detected as a by-product in the 1H NMR (Chapter 3). 

Methanol and M4NP are formed via hydrolysis of MP by hydroxide, however when using the 

nitrogen bases for breakdown, methylation of the nitrogen occurred in order to produce 

M4NP, resulting in no production of methanol. It has been reported previously, using 

hydroxide as the nucleophile for the breakdown of paraoxon, ethyl 4-nitrophenyl phosphate 
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(E4NP) is formed via background hydrolysis, with ethanol being produced as a by-product.7 

When testing the hydroxide grafted polymers against MP, the same is also likely to be true, 

with the formation of methanol (Fig. 4.5), as a by-product from M4NP formation. The 

formation of TMP is thought to be related to the formation of methanol; formation of 

methoxide from deprotonation of methanol by the hydroxide results in attack of methoxide at 

the phosphorus centre of MP, leading to departure of 4-nitrophenol and production of TMP.  

M4NP is produced as the major component in the majority of the breakdown experiments. 

This is similar to that observed when testing the nitrogen bases against MP, in the absence or 

using reduced amounts of water. The low water content in the grafted HCPs, as confirmed by 

TGA (Fig. 4.3), prompts the hydroxide to attack the aliphatic carbon of the methoxy group, 

resulting in production of methanol and M4NP. This is in contrast to when there is a greater 

quantity of water present, which results in a greater preference for the alkaline hydrolysis 

pathway and hence a greater amount of DMP being produced.  

 

Fig 4.6 1H NMR spectra before and after the addition of TMP to the original 1H NMR sample 

obtained from the reaction of the sodium hydroxide–HCP polymer against MP after 7 days at 

ambient temperature. Both spectra calibrated to the NMR solvent, CD3CN.  
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Overall, the polymers grafted with basic TMAH groups maintain both the porosity and 

uptake capacity (to various degrees) of the parent polymers. The resulting grafted polymers 

proved effective for the breakdown of MP at 60 °C, with 61–81% conversion after 3 days 

without the addition of water. Breakdown of CWA simulants without the addition of water is 

a challenge not currently met by the majority of the materials reported in literature for the 

breakdown of CWAs. Despite the polymers being effective at 60 °C, their performance at 

ambient temperature was less effective over the 4–6 days tested. In addition, the breakdown 

selectively to produce exclusively DMP was not achieved, unlike for other reported materials 

in the literature, such as MOFs.8 

 

4.2.2.2 Optimising the breakdown conversion  
 

The breakdown conversion, product selectivity, and uptake are three factors which could be 

optimised to produce effective polymers to allow for the immobilisation and breakdown of 

MP and CWAs. Ideally, it would be desirable to optimise all three in order to develop an 

efficient decontamination system which can breakdown MP and CWAs alike at ambient 

temperature. In this work it was decided to prioritise optimising the breakdown conversion 

and target developing materials which were effective for breakdown at ambient temperature.   

Increasing hydroxide loading in HCPs  

The attempts to optimise the breakdown conversion initially focused on achieving 100% 

conversion after 3 days at 60 °C; hoping that increasing the rate of conversion at 60 °C would 

also improve the conversion at ambient temperature.   

Increasing the IEC of the grafted HCPs was first attempted in order to improve the 

breakdown conversion. A higher IEC would be desirable since this would result in a higher 

density of hydroxide in the polymer. This was attempted by increasing the number of 

chloromethyl groups and subsequently the ammonium hydroxide groups in the polymer by 

increasing the number of equivalents of reagents used for the post-synthetic modification. 

The HCP derived from TPB which gave one of the higher IEC values and also retained the 

highest uptake of the three original polymers was chosen and functionalised again via the 

three-step procedure shown in Scheme 4.2, denoted as the optimised grafted HCP in 
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Table 4.5. A 60% functionalisation of the aromatic rings was targeted based on the amount 

of paraformaldehyde used in the grafting procedure.  

Despite increasing the concentration of reagents, only a small increase in the IEC was 

achieved, indicating very few additional TMAH groups were inserted into the polymer. This 

was further confirmed by the 930 m2 g-1 SABET and similar uptake obtained compared to the 

original grafted HCP. The calculated percentage of aromatic rings functionalised in the 

optimised grafted HCP was approximately the same as in the original grafted HCP at around 

14%, much lower than the targeted 60% functionalisation. Despite the modest increase in the 

IEC for the optimised HCP, this did result in complete conversion of MP after 3 days at 

60 °C (Table 4.5). Testing of the optimised HCP at ambient temperature showed a 

reasonable conversion of 36% conversion, however after 7 days, as oppose to reaching the 

target of at least 50% conversion after 3 days at ambient temperature.  

 

Table 4.5 Breakdown conversion (%) and product distribution observed after testing of the 

grafted polymers (original and optimised HCP) against MP after 3 days at 60 °C. Uptakes in 

acetonitrile and IEC values calculated as an average of three measurements, with error 

(shown in brackets) calculated as the standard deviation. The SABET and uptake values (in 

acetonitrile) are shown for the hydroxide form of the grafted HCPs. The 1H NMR spectra for 

the breakdown reactions using the optimised grafted TPB HCP are shown in Fig. A4.20-21.  

Grafted  

HCP  

SABET  

(m2 g-1) 

 

Uptake 

 (mL g-1) 

 

IEC  

(mmol g-1) 

Conditions Conversion 

(%)  

 

Product distribution 

(%) 

TMP M4NP DMP 

TPB 

Original 

1033 15.0 

 (+/- 0.2) 

1.22 

 (+/- 0.07) 

3 days 60 °C 81 

 

8 85 7 

TPB 

Optimised 

 

930 

 

 

15.1 

 (+/- 1.3) 

 

1.41 

 (+/- 0.06) 

3 days 60 °C 100 

 

1 93 6 

7 days RT 36 

 

1 87 11 
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4.2.2.3 Control experiments to test the grafting procedure 
 

The chloromethylation step in the grafting procedure was tested, however this time 

performing the reaction using a sealed pressure vessel. Since paraformaldehyde was used in 

this step, one concern was the formaldehyde gas generated by heating was not remaining in 

solution to react with the polymer resulting in a low functionalisation of the HCP network 

with chloromethyl groups. The testing of the chloromethylation reaction in the pressure 

vessel using the same temperature and reaction time as in the original experiments afforded a 

similar amount of functionalisation as before. This was confirmed from the elemental 

analysis and also the SABET of the polymer (Table 4.6), both in close agreement with the 

polymer synthesised by the original method (flask).  

Table 4.6 Elemental analysis and SABET for chloromethylation of the biphenyl derived HCP 

with paraformaldehyde carried out in either a round bottomed flask or sealed pressure vessel.  

Synthesis route Carbon  

(%) 

Hydrogen 

 (%) 

SABET 

 (m2 g-1) 

Flask 82.02 5.08 1634 

Pressure vessel 81.38 5.02 1641 

 

The conditions for the final step in the post-modification of the HCP were also evaluated. The 

exchange procedure used for synthesis of the original grafted HCP was carried out by stirring 

the HCP, in the halide form, in a sodium hydroxide aqueous solution twice. To test the 

effectiveness of this procedure the two HCPs derived from biphenyl and TPB in hydroxide 

form were sandwiched between filter paper in a syringe barrel and aqueous sodium hydroxide 

(1M) was continuously poured over the HCP. The final HCP, once washed thoroughly with 

water until the filtrate was neutral, was tested again by the acid-base back titration in order to 

calculate the IEC (Table 4.7). This showed very little change compared to the IEC obtained 

for the original grafted HCP, implying the IEC for the hydroxide HCPs could not be further 

improved by increasing the exchange time and changing the method.  
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Table 4.7 IEC for grafted HCPs (hydroxide form) prepared by stirring in 1M aqueous sodium 

hydroxide twice, denoted as the stirring route. This was followed by a continuous wash of the 

hydroxide polymers using 1M aqueous sodium hydroxide solution, denoted as the column 

route observing the IEC of the polymers after each route. IEC values calculated as an average 

of three measurements, with error (shown in brackets) calculated as the standard deviation.   

HCP  Exchange route IEC (mmol g-1) 

Biphenyl Stirring 1.34 (+/- 0.04) 

Biphenyl Column 1.34 (+/- 0.03) 

1,3,5-Triphenylbenzene Stirring 1.22 (+/- 0.07) 

1,3,5-Triphenylbenzene Column 1.21 (+/- 0.11) 

 

Both control experiments used to test the synthetic procedure for grafting of the HCPs 

indicated it was not the synthesis procedure which failed to increase the IEC. As a result, the 

failure to increase the IEC for the grafted HCPs by the amount required must occur due to the 

nature of the HCP network itself. One possible explanation could be the lack of aromatic 

positions available to functionalise in the HCP networks as a result of the extensive 

crosslinking during the Friedel–Crafts reaction. The lack of reactive positions available and 

steric hindrance around the un-substituted aromatic positions is the most likely cause for the 

grafted HCPs failing to achieve a higher loading of hydroxide and hence higher IEC.  

 

4.2.2.4 Improving accessibility within the polymers 
 

Since the IEC for the grafted HCPs could not be increased to a great extent and in order to 

improve the performance of the grafted HCPs against MP at ambient temperature, a route to 

improve accessibility within the polymer was examined. It was proposed that the enhanced 

breakdown performance of the grafted HCP against MP at 60 °C could be due to the 

enhanced diffusion of the MP to the hydroxide sites within the polymer at the higher 

temperature. As a result, improving accessibility in the HCP could help to improve diffusion 

and hence performance of the grafted HCP against MP at ambient temperature.  

So far the HCPs grafted with TMAH were synthesised using the knitting of small molecule 

monomers, producing amorphous predominately microporous networks.9 One method to 
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improve accessibility within HCPs can be achieved by changing the synthesis procedure used 

to form the HCP. Emulsion polymerisation has previously been shown to improve the uptake 

of hydrogen for HCPs derived from vinylbenzyl chloride (VBC) and divinylbenzene (DVB), 

through the creation of uniform crosslinked polymer nanoparticles.10 This procedure was 

adopted here in an attempt to improve the accessibility of the grafted HCP networks. The 

synthesis of VBC-DVB polymer precursor particles followed by crosslinking was carried out 

to form the HCPs (Scheme 4.3), prior to grafting with TMAH using the same procedure as 

adopted previously (Scheme 4.2).    

 

Scheme 4.3 Synthesis of precursor polymer nanoparticles derived from vinylbenzyl chloride 

(VBC) and divinylbenzene (DVB), prior to crosslinking to form HCPs. The HCPs were then 

grafted with TMAH using the same procedure previously adopted in Scheme 4.2.  

Emulsion polymerisation was used to form the precursor polymer particles, which were then 

crosslinked using FeCl3. The resulting solid was analysed by gas sorption and SEM analysis. 

Compared to the precursor polymer particles, the SABET obtained for the HCP was much 

higher; 1792 m2 g-1 SABET compared to a 94 m2 g-1 SABET for the precursor particles 

indicating effective crosslinking of the chloromethyl groups from VBC. This was also 

confirmed by elemental analysis which showed an increase in the carbon and hydrogen 

content suggesting the removal of a large number of chloromethyl groups (Table 4.8).  

Table 4.8 Elemental analysis of the precursor VBC-DVB polymer particles and HCPs.  

Polymer SABET 

(m2 g-1) 

CHN (%) 

C H N 

VBC-DVB precursor particles  94 72.78 6.13 0.00 

VBC-DVB HCP  1792 85.22 6.24 0.00 

 



Chapter 4 Hydroxide-containing polymers for the breakdown of CWAs 
 

169 
 

In contrast to SEM analysis for HCPs prepared from knitting of small molecule monomers 

such as fluorobenzene, toluene (Fig. 4.7b) or anisole (Chapter 2), SEM analysis of the HCP 

produced from the emulsion polymerisation route showed a more uniform morphology with 

spherical particles with an average diameter of 45.5(+/- 8.2) nm, as determined from the SEM 

image using the software Image J (Fig. 4.7a). 

 

Fig. 4.7 SEM analysis for HCPs prepared via (a) the emulsion polymerisation of the 

precursor VBC-DVB polymer particles and (b) knitting of toluene as monomer. 

 

After synthesis of the HCP, the polymer was functionalised in order to graft the TMAH 

groups onto the polymer. The crosslinking of chloromethyl groups to form HCPs is reported 

in the literature to leave around 5 wt% chlorine present in the resulting HCPs,11 with the 

remaining chloromethyl groups from the emulsion polymerisation being located near the 

surface of the polymer particles,10 this therefore may provide a route to incorporate easily 

accessible TMAH groups into the polymer. As a result, the as-synthesised HCP was treated 

with trimethylamine in order to observe if any unreacted chloromethyl groups could react 

with the amine. Unfortunately, there was very little change in the elemental analysis or SABET 

of the polymer upon treatment with trimethylamine (Table 4.9), suggesting no amine 

incorporation into the polymer.  
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Table 4.9 Elemental analysis and SABET for the reaction of the HCP derived from VBC-DVB 
before and after treatment with trimethylamine.  

HCP SABET 

(m2 g-1) 

CHN (%) 

C H N 

Before NMe3 treatment 1792 85.22 6.24 0.00 

After NMe3 treatment 1741 85.00 6.46 0.00 

 

As a result, the three step grafting procedure (chloromethylation, amination, and halide to 

hydroxide exchange) was performed on the HCP prepared by emulsion polymerisation and 

the resulting grafted HCP characterised in the same manner as before (Table A4.1, Fig. 

A4.22-23). The final hydroxide form of the grafted HCP possessed a similar IEC 

(1.25 mmol g-1) and SABET (1005 m2 g-1) to that obtained for the two HCPs, derived from 

either TPB or biphenyl, previously grafted (Table 4.4). 

The grafted HCP was tested against MP, showing a 46% conversion after 3 days at 60 °C. 

Despite the similar IEC and porosity compared to the two HCPs originally grafted, the 

grafted emulsion polymerised HCP showed the lowest conversion of MP after 3 days at 

60 °C (Table 4.12). In contrast to the grafted polymers synthesised previously, the swelling 

in acetonitrile for the grafted emulsion polymerised HCP was the lowest out of the three 

HCPs, displaying a similar level of swelling (2.1 mL g-1) as the Scholl polymer (1.7 mL g-1). 

The difference in swelling compared to the two original HCPs may arise due to the difference 

in the HCP synthesis route. The original HCPs derived from TPB and biphenyl were prepared 

via the knitting route using FDA as crosslinker compared to the crosslinking using the 

chloromethyl groups as internal crosslinker within the VBC-DVB precursor polymer 

particles. Crosslinking the emulsion VBC-DVB polymer likely gives rise to a more highly 

crosslinked network as a result of crosslinking taking place in a more controlled manner, 

restricting the expansion and swelling of the network when occupied by solvent.10 This may 

help to explain why despite having a similar level of porosity and IEC as the original grafted 

HCPs, the more accessible network of the grafted emulsion polymerised HCP failed to 

improve the MP breakdown performance. The lower swelling of this HCP network may 

contribute to this observation, suggesting higher swelling of the grafted HCP network is 

beneficial for the breakdown. Since the emulsion polymerised HCP failed to achieve a greater 
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conversion for MP breakdown at 60 °C compared to the original grafted HCPs, the grafted 

HCP was not tested at ambient temperature. 

 

4.2.2.5 Grafting other classes of POPs 
 

The grafting of the HCP prepared via the emulsion polymerisation route further confirmed 

the IEC for the HCPs cannot be increased to a great extent. In addition, improving the 

accessibility of the HCP network through the synthesis of crosslinked polymer particles failed 

to improve the conversion for the breakdown of MP. The testing of this HCP against MP 

indicated the lower degree of swelling in acetonitrile may have hindered the breakdown 

performance. In order to investigate the effect of swelling on the breakdown, whilst 

simultaneously continuing to explore ways in which to increase the hydroxide loading, i.e. 

IEC, an alternative class of POPs were selected for grafting.  

Alternative materials were chosen which; (a) provided a greater number of sites to 

functionalise with TMAH, thereby allowing for an increase in the IEC and hence overcome 

the issue associated with grafting of the HCPs and (b) possessed a low degree of swelling in 

order to explore in more detail the effect of swelling on the breakdown performance of the 

polymer.  

 

Grafting CMPs 
 

CMPs were investigated to increase the IEC. The CMP series 0–5 can increase in the number 

of free aromatic positions in the porous networks as the linker length in the network becomes 

longer (Fig. 4.8).12, 13 In addition, shown previously in Chapter 2, CMP-1 could swell to a 

much lower extent compared to HCPs. The grafting of CMP-0 with TMAH was initially 

chosen since CMP-0 possesses the largest SABET from the CMP series.14 The CMPs were 

synthesised in toluene, with comparable yields, SABET, IR, and microanalysis to literature 

reports. 13, 15 
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Fig. 4.8 Schematic representation of the CMP networks, series CMP-0 to CMP-5. Structures 

redrawn from references.13, 14  

Following synthesis of CMP-0, the CMP was grafted and characterised in the same manner 

as before (Fig. A4.26-27). In contrast to the grafted HCPs, the SABET for grafted CMP-0 

reduced significantly from 1055 to 9 m2 g-1. Observing the SABET at each stage of the grafting 

procedure showed the biggest drop in SABET occurred in the chloromethylation stage 

(Table 4.10). Upon reducing the amount of paraformaldehyde from 150 equivalents to 50 

equivalents, with the hypothesis being that inserting high numbers of chloromethyl groups 

into the CMP framework could block the pores and therefore make the network non-porous 

to nitrogen, the same decrease in SABET was observed (Table 4.10). Despite the CMP 

network losing its porosity within the chloromethylation step, performing the final two steps 



Chapter 4 Hydroxide-containing polymers for the breakdown of CWAs 
 

173 
 

(reaction with amine and exchange) resulted in a CMP which had around a 13% 

functionalisation of the aromatic rings. 

 

Table 4.10 Elemental analysis and SABET for the grafting of CMP-0. The chloromethylation 

step (CMP(0)- CH2Cl) was conducted using less paraformaldehyde, 50 equivalents compared 

to 150 equivalents in the original reaction.  

Polymer SABET 

(m2 g-1) 

CHN (%) 

C H N 

CMP(0) 1055 88.08 3.91 0.00 

CMP(0)- CH2Cl 11 70.99 3.80 0.00 

CMP(0)- CH2Cl (less PFA used) 13 69.93 3.77 0.00 

CMP(0)-CH2N+(CH3)3-Cl-) 9 71.85 4.57 1.41 

CMP(0)- CH2N+(CH3)3-OH-) 9 71.15 4.34 1.64 

 

The stability of the CMP to the conditions required for the chloromethylation reaction was 

tested using CMP-5. Treatment of the CMP with the acidic reaction mixture (HCl, H3PO4, 

and AcOH) for 3 days at 90 °C in the absence of paraformaldehyde showed an 81% loss in 

porosity of the CMP network after acid treatment (Table 4.11). The elemental analysis also 

showed a reduction in the percentage of carbon and hydrogen. 

Table 4.11 The elemental analysis and SABET for CMP-5 before and after treatment with the 

acidic reaction mixture (HCl, H3PO4, and AcOH) used for the chloromethylation reaction.  

Polymer SABET 

(m2 g-1) 

CHN (%) 

C H N 

CMP-5 499 88.10 4.37 0.00 

CMP-5 (After acid treatment) 93 82.69 4.22 0.00 
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The loss of porosity is likely to occur from the addition of hydrochloric acid to the alkyne 

bonds present in the CMP network, increasing the flexibility of the polymer and thereby 

resulting in some pore collapse. The FTIR spectrum for CMP-5 after acid treatment showed 

the appearance of a peak at 1686 cm-1, corresponding to a C=C stretch, compared to the FTIR 

spectrum for the as-synthesised CMP-5 (Fig. 4.9).  

 

Fig. 4.9 FTIR spectrum for as-synthesised CMP-5 (top spectrum) and CMP-5 after treatment 

with the acidic conditions used for the chloromethylation reaction (bottom spectrum).  

Despite the loss of porosity of CMP-0 upon grafting, the grafted CMP-0 was tested against 

MP. The breakdown of MP using grafted CMP-0 showed a similar level of conversion after 

3 days at 60 °C to that obtained using the Scholl polymer (Table 4.12), despite the much 

higher porosity of the grafted Scholl polymer. The grafted Scholl polymer did however 

possess a similar degree of swelling in acetonitrile to the grafted CMP-0, indicating a 

reduction in the breakdown performance for the grafted polymers with a lower degree of 

swelling (Table 4.12).  
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Table 4.12 Comparison of the breakdown conversion (%) and product distribution observed 

for testing a range of grafted HCPs against MP after 3 days at 60 °C. All polymers were 

tested using 2 equivalents hydroxide. The SABET and uptake values are shown for the 

hydroxide form of the grafted polymers. Swelling, uptakes (both measured in acetonitrile), 

and IEC values calculated as an average of three measurements, with error (shown in 

brackets) calculated as the standard deviation. The 1H NMR spectra for the breakdown 

reactions are shown in Fig. A4.11-13, Fig. A4.24-25, and Fig. A4.30. 

Grafted 

Polymer 

SABET  

(m2 g-1) 

 

Uptake 

 (mL g-1) 

 

Swelling 

 (mL g-1) 

 

IEC 

 (mmol g-1) 

Conversion 

(%) 

  

 

Product distribution 

(%) 

TMP M4NP DMP 

TPB 

(HCP) 

1033 15.0 

 (+/- 0.2) 

8.6 

 (+/- 0.1) 

1.22 

 (+/- 0.07) 

81 8 85 7 

Biphenyl  

(HCP) 

1082 8.4 

 (+/- 0.6) 

5.0 

 (+/- 0.3) 

1.34 

 (+/- 0.04) 

81 25 61 14 

CP-CMP-10 1223 18.3 

 (+/- 3.2) 

13.1 

 (+/- 2.3) 

0.69 

 (+/- 0.03) 

74 

 

15 77 8 

TPB 

(Scholl) 

1014 4.1 

 (+/- 0.6) 

1.7 

 (+/- 0.2) 

0.96 

 (+/- 0.03) 

61 3 94 3 

CMP-0 9 4.7 

 (+/- 1.0) 

1.9 

 (+/- 0.2) 

0.87 

 (+/- 0.1) 

59 

 

1 97 2 

Emulsion 

HCP 

1005 3.3 

 (+/- 0.6) 

2.1 

 (+/- 1.4) 

1.25 

 (+/- 0.03) 

46 

 

22 68 11 

 

 

Grafting CP-CMPs 
 

As a route to overcome the instability of the alkyne containing CMPs towards the loss of 

porosity in acid, the grafting of CMPs containing no alkynes were investigated. The 

co-polymerisation route produced CP-CMP-10,15 by Suzuki coupling (Scheme 4.4). This was 

followed by grafting of the CMP network with TMAH using the same procedure as used 

previously in this work (Scheme 4.2).  
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Scheme 4.4 Synthesis of CP-CMP-10,15 via Suzuki coupling prior to grafting with TMAH 

using the same procedure as outlined in Scheme 4.2.   

Compared to the grafting of CMP-0, the porosity of the CP-CMP was maintained following 

grafting with an 82% retention in porosity of the CMP network after grafting (Table A4.1). 

This confirmed the loss of porosity upon grafting of the alkyne containing CMP-0 occurred 

due to the instability of the alkynes in the network towards acid, which was required for the 

chloromethylation step of the grafting reaction.  

The breakdown performance of the grafted CP-CMP-10 against MP was higher than grafted 

CMP-0 (Table 4.12). This is likely to occur due to retention of the porosity for CP-CMP-10 

after grafting and a high degree of swelling of the CP-CMP-10 network. The degree of 

swelling is larger than that obtained for the grafted HCPs. The tendency for CMP networks to 

swell would be influenced by how the CMP networks formed during the reaction. During 

formation of CMP networks, small molecular weight oligomers formed in solution combine 

and precipitate from the reaction mixture quite early on in the reaction.16 As a result, the 

solvating properties of the reaction solvent are crucial for continuation of the reaction after 

precipitation of the solid from the solution has occurred. Therefore, similar to the formation 

of HCP networks, it may be expected for CMP networks to show a similar swelling as HCPs, 

since swelling would help return the CMP networks back to their solvent swollen state in 

which they were formed during the course of the reaction.  

The breakdown of MP using grafted CP-CMP-10 suggests the high swelling for this polymer 

may have contributed to this polymer showing a 74% conversion of MP after 3 days at 60 °C, 

approaching the breakdown performance of the grafted biphenyl and TPB HCPs. This is 

despite the grafted CP-CMP-10 possessing a much lower IEC compared to the grafted HCPs. 

The fact the performance of the CP-CMP does not reach the conversion obtained for the 

grafted HCPs is probably due to the lower IEC obtained for the CP-CMP, reducing the 

density of hydroxide in the polymer.  
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4.2.3 Hydroxide resins   
 

Following the synthesis and grafting of a range of polymers for the breakdown of MP, the 

performance of these polymers were compared to some commercial hydroxide containing 

resins.  

Anion-exchange materials are well known and find use in many applications, such as fuel 

cells and are commonly used in organic synthesis for instance in the exchange of halides.17 

Two conventional anion-exchange resins were tested against MP, both at 60 °C and ambient 

temperature. Both resins which are derived from styrene and divinylbenzene contain the same 

strongly basic TMAH group as the grafted HCPs. Amberlyst A26 was used as an example of 

a macroporous resin, while Amberlite IRN-78 was used as an example of a microporous 

resin.  

The two conventional resins displayed a similar behaviour to the grafted HCPs when tested 

against MP under identical conditions (Table 4.13). Both the resins and grafted HCPs were 

effective for the breakdown of MP after 3 days at 60 °C, however at ambient temperature 

both resins and HCPs showed less than 10% conversion of MP after 3–4 days. One obvious 

benefit in using HCPs over the conventional resins is the higher uptake capacity the HCPs 

possess compared to the resins (Table 4.13).  
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Table 4.13 Comparison of the grafted HCPs derived from either TPB (prepared using the 

optimised conditions) or biphenyl to the conventional resins (A26 and IRN-78) for the 

breakdown of MP after 3 days at either 60 °C or ambient temperature. Uptake in acetonitrile 

and IEC values calculated as an average of three measurements, with error (shown in 

brackets) calculated as the standard deviation. The 1H NMR spectra for the breakdown using 

the conventional resins are shown in Fig. A4.31-34. 

Polymer SABET  

(m2 g-1) 

 

Uptake 

 (mL g-1) 

IEC  

(mmol g-1) 

Conditions Conversion 

(%)  

 

Product distribution  

(%) 

TMP M4NP DMP 

A26 resin 

 

30 

(Ref18) 

2.1 

 (+/- 0.1) 

1.39 

 (+/- 0.04) 

3 days 60 °C 93 0 65 35 

3 days RT  2 0 0 100 

IRN-78 

resin 

0  

(Ref19) 

1.5 

 (+/- 0.2) 

1.85 

 (+/- 0.03) 

3 days 60 °C 100 33 48 19 

3 days RT  2 0 80 20 

TPB 

HCP 

Optimised 

930 15.1 

 (+/- 1.3) 

1.41 

 (+/- 0.06) 

3 days 60 °C 100 1 93 6 

Biphenyl 

HCP 

Original 

 

1082 

 

8.4 

 (+/- 0.6) 

 

1.34 

 (+/- 0.04) 

 

4 days RT 

 

15 

 

15 

 

68 

 

17 

 

4.2.4 Retention studies 
 

The presence of the quaternary ammonium groups in the hydroxide polymers could lead to 

retention of the charged breakdown products, M4NP and DMP. Therefore, it was important 

to establish whether the initial percentage conversion calculated from filtration of the solid 

after the reaction was a true representation of the breakdown conversion and product 

distribution. This was achieved by recovering the breakdown products and any unreacted MP 

from the polymer by successive washes of the filtered polymer solid with the reaction and 

NMR solvent acetonitrile. The 1H NMR of each filtrate was run using mesitylene as an 

internal standard in order to calculate the molar recovery with each wash. 
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Firstly, the recovery of MP from a non-grafted HCP was performed in order to provide an 

idea of the molar recovery of MP from the HCPs without any breakdown of MP occurring. 

After 24 hours of stirring the HCP with MP in deuterated acetonitrile at either 60 °C or 

ambient temperature, the HCP solid was filtered and washed several times with acetonitrile, 

aqueous acid, chloroform, and dichloromethane in order to recover as much of the MP from 

the HCP as possible (Table 4.14). As expected, no breakdown of the MP was observed using 

the non-grafted HCP after 24 hours at 60 °C.  

Table 4.14 Percentage molar recovery of MP from a non-grafted HCP derived from 

polystyrene after 24 hours stirring of MP with the HCP in CD3CN at either 60 °C or ambient 

temperature. The HCP from the reaction mixture was filtered using a syringe filter 

(CD3CN filtrate 1) followed by successive washes of the solid using acetonitrile, aqueous 

hydrochloric acid (0.1 M in D2O), chloroform, and dichloromethane. Each filtrate was 

analysed by 1H NMR (Fig. A4.36). Mesitylene was used as an internal standard in order to 

calculate the molar recovery with each wash.  

Filtrate  Molar recovery (%) 
After 24 hours stir at 60 °C 

Molar recovery (%) 
After 24 hours stir at RT 

CD3CN Filtrate1  55 54 

CD3CN Wash Filtrate 2  9 11 

CD3CN Wash Filtrate 3 3 3 

CD3CN Wash Filtrate 4 1 2 

CD3CN Wash Filtrate 5 1 2 

Acid Wash Filtrate 1 2 1 

Acid Wash Filtrate 2 1 1 

Acid Wash Filtrate 3 1 1 

Total recovery (%) 73 76 

CDCl3 Wash Filtrate 1 1  

CDCl3 Wash Filtrate 2 0.8 

CDCl3 Wash Filtrate 3 0.3 

CD2Cl2 Wash Filtrate 1 2 

CD2Cl2 Wash Filtrate 2 0.5 

CD2Cl2 Wash Filtrate 3 0.3 

Total recovery (%) 78 
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It proved difficult to recover all the MP from the HCP, despite the HCP not being grafted 

with the quaternary ammonium groups (Table 4.14). The greatest recovery occurred from the 

initial filter of the HCP after 24 hours at either 60 °C or ambient temperature. After the first 

and second wash with acetonitrile, only 2% or less molar recovery of MP was achieved for 

each filtrate following further washes, despite changing the solvent to encourage more 

recovery of the MP. This showed just less than 70% MP was recovered from the initial three 

filtrates, with the first filtrate achieved by the initial filter of solid (no washing) contributing 

to the majority of this recovery. This confirms the effectiveness of HCPs to immobilise MP in 

their networks. An overall recovery of just over 75% MP recovery was achieved after all 

washings were complete. Further washing would likely continue to cause the gradual 

recovery towards 100% recovery, if this ever could be achieved. Soxhlet extraction could 

enhance the recovery of MP from the solid however this was impractical for the filtered solid, 

where a small mass (ca. 60 mg) was trapped in a syringe filter. In addition, heating of the 

solvent for Soxhlet extraction would likely result in further breakdown of MP taking place 

when attempting to recover all the MP and breakdown products from a grafted HCP solid, 

thereby altering the percentage conversion and product distribution for each filtrate.  

The retention study was also carried out after stirring MP at 60 °C for 24 hours in the 

presence of a grafted HCP. Similar to the non-grafted HCP, the molar recovery of MP and 

now the associated breakdown products decreased with successive washes using CD3CN 

(Table 4.15). The recovery from the first filtrate was somewhat lower than the recovery from 

the non-grafted HCP, with a 16% compared to a 55% recovery for the non-grafted HCP. The 

lower recovery from the grafted HCP is likely due to the quaternary ammonium groups 

within the polymer resulting in a greater retention of the breakdown products including 

M4NP. The same trend was observed as with the non-grafted HCP, with a gradual recovery 

of MP and the breakdown products following further washing. However, unlike with the 

non-grafted HCP, treatment of the filtered grafted HCP with acid resulted in a 23% recovery 

of which 22% was from M4NP, with the remaining 1% being MP. This indicated the M4NP 

breakdown product is preferentially retained by the grafted HCP. Washing of the solid with 

hydrochloric acid favours the release of M4NP bound to quaternary ammonium groups in the 

polymer. MP was stable in the 0.1 M hydrochloric acid solution used to wash the filtered 

solid (Fig. A4.37), showing the washing of the solid with acid would not result in any further 

breakdown of MP. A 60% molar recovery was achieved after washing of the filtered solid 

with acetonitrile and hydrochloric acid. The majority being recovered from the first filtrate 
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(no washing) and the first wash with acid. Despite not being able to recover all MP and 

breakdown products from the polymer, the breakdown conversion and product distribution 

did change with repeated washes. However, the recovery from the first filtrate without 

washing of the solid, with this being the filtrate normally used to calculate the breakdown 

conversion for a reaction, contributed to one of the greatest molar recoveries from the 

polymer. Further washes indicated the breakdown conversion increased and predominately 

M4NP was eluted from the solid. This suggested preferential retention of the M4NP within 

the polymer, compared to MP and the two other breakdown products, TMP and DMP.    

 

Table 4.15 Percentage conversion and molar recovery of MP and the breakdown products 

from the grafted HCP derived from TPB after 24 hours at 60 °C. The polymer from the 

reaction mixture was filtered using a syringe filter (CD3CN filtrate 1) followed by successive 

washes of the solid using acetonitrile and aqueous hydrochloric acid. Each filtrate was 

analysed by 1H NMR (Fig. A4.35) in order to determine the percentage conversion and 

product distribution. Mesitylene was used as an internal standard to calculate the molar 

recovery in each filtrate.  

Filtrate Percentage 

Conversion (%) 

Molar recovery  

(%) 

Product distribution 

(%) 

TMP M4NP DMP 

CD3CN Filtrate1 26 16 10 82 9 

CD3CN Wash Filtrate 2 26 5 10 82 9 

CD3CN Wash Filtrate 3 28 2 9 83 8 

CD3CN Wash Filtrate 4 32 1 8 83 8 

CD3CN Wash Filtrate 5 34 0.4 0 100 0 

Acid Wash Filtrate 1 96 23 0 100 0 

Acid Wash Filtrate 2 98 7 0 100 0 

Acid Wash Filtrate 3 100 3 0 100 0 

Acid Wash Filtrate 4 100 1 0 100 0 

Acid Wash Filtrate 5 100 1 0 100 0 

Acid Wash Filtrate 6 100 1 0 100 0 

Total recovery (%)  60  

 



Chapter 4 Hydroxide-containing polymers for the breakdown of CWAs 
 

182 
 

4.2.5 Breakdown of CWAs using hydroxide polymers  
 

Both the grafted HCPs and the conventional resins failed to achieve the breakdown of MP at 

ambient temperature. Due to the similar MP breakdown performance observed between the 

grafted HCPs and conventional resins, the Amberlyst-A26 resin was tested against nerve 

agents GB and VX. This testing was carried out by trained staff at Dstl laboratories due to the 

lethal toxicity of the CWAs. The aim of using these two nerve agents was to establish 

whether due to the enhanced susceptibility of some nerve agents, such as GB, for hydrolysis 

whether the performance of the resins for ambient temperature breakdown of GB and VX 

could be greater than the performance of the resins for MP breakdown at ambient 

temperature.  

While A26 was effective for the breakdown of GB with complete breakdown of GB observed 

within 3 days at ambient temperature (Fig. A4.38), the performance of the resin against VX 

proved ineffective with only VX detected in the 31P NMR after 3 days at ambient temperature 

(Fig. A4.40). When the breakdown of GB was performed in the absence of the resin, only a 

3% conversion was observed after 3 days at ambient temperature (Fig. A4.39), suggesting the 

breakdown of GB occurred due to the presence of the hydroxide A26 resin. The fact no 

breakdown of VX was observed at ambient temperature is possibly due to the enhanced 

stability of VX towards hydrolysis at ambient temperature, similar to the behaviour of the 

A26 resin against MP. It is also a possibility that any breakdown products of VX may have 

been retained by the quaternary ammonium groups in the resin and therefore not detected in 

the filtrate, after filtration of the resin solid.  

Also tested was the performance of the A26 resin against sulfur mustard (HD) at ambient 

temperature. This resulted in a 54% conversion after 3 days at ambient temperature, 

producing a mixture of the two elimination products, 55% of the mono-vinyl sulfide and 45% 

divinyl sulfide (Scheme 4.5), as identified from the 1H NMR spectrum for the breakdown 

reaction (Fig. 4.10). In contrast, no breakdown of HD was observed when the reaction was 

performed in the absence of the resin after 7 days at ambient temperature (Fig. A4.41).  
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Scheme 4.5 Breakdown of sulfur mustard (HD) using the hydroxide containing resin, 

Amberlyst A26, observing the two elimination breakdown products as identified from the 1H 

NMR spectrum for the breakdown reaction (Fig. 4.10).  

 

 

Fig. 4.10 1H NMR spectrum obtained in CD3CN for testing of the A26 resin against HD after 

3 days at ambient temperature.  

 

4.2.6 Sodium hydroxide–HCP blends 
 

As seen throughout this chapter, increasing hydroxide loadings in the HCPs via the grafting 

route could not be achieved. Therefore besides grafting, a route was developed which could 
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achieve a much greater loading of hydroxide into the polymer. This route consisted of 

immobilisation of sodium hydroxide into a HCP and was achieved by swelling of a HCP in a 

sodium hydroxide solution (water/methanol), followed by drying of the solid after filtration.  

Two of the HCPs derived from either TPB or biphenyl, which had previously been used for 

grafting, were used to create the sodium hydroxide HCP blended polymers. Compared to the 

hydroxide loaded HCPs prepared via the grafting route, this route allowed HCPs to be 

prepared containing much higher IEC values, in the range of 9 to 12 mmol g-1 (Table 4.16). 

Such a large increase in the IEC was achieved through optimisation of the loading conditions 

including the loading time and concentration of sodium hydroxide. The optimised conditions 

to gain such a large hydroxide loading were achieved by swelling the HCP in a 3 M sodium 

hydroxide solution in methanol/water (3:1 v/v%) for 3 days at ambient temperature. 

Testing of the sodium hydroxide loaded HCPs against MP showed complete conversion was 

observed after 3 days at 60 °C. In addition, both polymers also achieved complete conversion 

to exclusively DMP within 3 days at ambient temperature (Table 4.16). The greater 

performance of the sodium hydroxide polymers against MP is likely to be due to the much 

higher IEC of the polymers and hence higher number of hydroxide equivalents tested against 

MP, around ten times as much hydroxide compared to when testing the grafted HCPs. In 

addition to the enhanced performance against MP, the sodium hydroxide loaded HCPs still 

retained a good uptake capacity of the HCP (Table 4.16), albeit lower for the TPB HCP 

compared to the uptake for the grafted TPB HCP (15.0 mL g-1). 

By adopting a different route to incorporate hydroxide into the HCPs, the IEC of the HCPs 

could be significantly enhanced. This not only improved the breakdown performance of the 

polymer at ambient temperature but also resulted in the breakdown occurring to produce 

exclusively the desired DMP breakdown product. The hygroscopic nature of sodium 

hydroxide combined with the higher hydroxide density in the polymer is likely to have 

promoted the alkaline hydrolysis pathway to produce DMP over other breakdown products 

(M4NP and/or TMP) previously observed for the earlier grafted HCPs.  
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Table 4.16 Breakdown conversion (%) and product distribution observed after testing of the 

sodium hydroxide loaded HCPs derived from either TPB or biphenyl against MP at 60 °C 

and ambient temperature. The breakdown was tested using the same mass of polymer as used 

for the grafted form of the corresponding HCPs in order to observe the effect of increasing 

the IEC upon the breakdown performance of the polymer. Uptake in acetonitrile and IEC 

values calculated as an average of three measurements, with error (shown in brackets) 

calculated as the standard deviation. The 1H NMR spectra for the breakdown reactions are 

shown in Fig. A4.42-45. 

HCP   SABET  

(m2 g-1)  

Uptake 

(mL g-1) 

IEC  

(mmol g-1)  

Conditions 

 

Conversion  

(%) 

Product distribution 

TMP M4NP DMP 

 

Biphenyl 

 

 

676 

 

11.2 

 (+/- 0.3) 

 

12.11 

(+/- 0.23) 

3 days 60 °C 100 0 0 100 

3 days RT 100 0 0 100 

 

TPB 

 

 

436 

 

6.2 

 (+/- 0.6) 

 

9.18 

(+/- 0.2) 

3 days 60 °C 100 0 0 100 

3 days RT 100 0 0 100 

 

4.3 Conclusions 
 

The work presented in this chapter has shown that HCPs can be grafted effectively with 

TMAH groups. The grafted HCPs maintain their porosity and for the TPB derived HCP, the 

uptake capacity of the polymer. These two properties not maintained when covalently 

attaching the TMG base to HCPs (Chapter 3). The resulting polymers displayed modest IEC 

values, in the range of 1–1.5 mmol g-1. Their performance against MP was assessed with 

good performance against MP after 3 days at 60 °C without the addition of water. However, 

performance at ambient temperature was much lower, with breakdown at ambient 

temperature being of more interest.   

Several routes were examined to improve the polymers performance at ambient temperature. 

This has mainly involved attempts to increase the IEC of the polymers, thereby increasing the 

amount of hydroxide in the polymers. Increasing the IEC further for the HCPs proved 

difficult due to many aromatic sites participating in network formation to form the HCP 

itself. Attempts were made to improve the accessibility of the HCP network by changing the 
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synthesis procedure to form the HCP and this showed lower conversion of the MP. This is 

likely a consequence of a reduced swelling for the HCP prepared by this emulsion 

polymerisation route, similar to the lower swelling of the grafted Scholl polymer, which also 

displayed one of the lowest breakdowns of MP at 60 °C.  

Despite having a greater number of aromatic sites to functionalise in the alkyne-containing 

CMPs, they were not stable to the conditions used for the chloromethylation reaction and lost 

the majority of their porosity in the chloromethylation step. Synthesis of CP-CMPs overcame 

the acid stability issue and resulted in a good breakdown performance, approaching the 

performance of the grafted HCPs, using the grafted form of CP-CMP-10. The IEC (hydroxide 

density) and swelling of the hydroxide polymers were the two main factors thought to have 

the largest influence on the breakdown performance of the polymers, with the SABET having 

less of an impact. Despite more available aromatic sites for the CMP networks compared to 

HCPs, this failed to increase the IEC.   

The poor performance of the grafted HCPs at ambient temperature was similar to the two 

conventional resins, A26 and IRN-78, with the resins also not effective for the breakdown of 

MP at ambient temperature. However, when the A26 resin was tested against GB, complete 

conversion of GB was observed to exclusively the iPMPA within 3 days at ambient 

temperature. This was unlike VX breakdown using the A26 resin, which, like MP, was also 

ineffective for ambient temperature breakdown after 3 days. One reason why VX may not 

have been effective for breakdown is retention of the breakdown products to the quaternary 

ammonium groups in the resin, and hence no breakdown detected from the 31P NMR after 

filtration of the resin. Preferential retention of breakdown products by the hydroxide 

polymers was a behaviour seen for the grafted HCPs, used for MP breakdown. Similar to GB, 

the A26 resin was also effective against HD at ambient temperature with breakdown 

occurring via an elimination pathway to produce two elimination products.  

An addition to this chapter was the work involving preparation of sodium hydroxide loaded 

HCPs. These polymers did achieve much higher IEC, in the range of 9–12 mmol g-1 through 

optimisation of the loading conditions, while still retaining good levels of uptake for the 

HCPs. The higher IEC for the polymers resulted in high conversion at ambient temperature 

with complete conversion of MP observed within 3 days at ambient temperature to produce 

exclusively DMP. This further illustrates the importance of increasing the hydroxide loading 
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(IEC) in the polymers to improve the breakdown performance at ambient temperature 

through increasing the hydroxide density.  

4.4 Experimental  
 

Materials 

All chemicals were purchased from commercial suppliers and used as received. 

Synthesis of hydroxide containing small molecules  

1-Benzylpyridinium bromide was produced according a reported literature procedure.2 

1-Benzylpyridinium bromide was obtained as an off-white solid in a 31% yield. 1H NMR 

(400 MHz, D2O): δ (ppm) 8.90 (d, 2H), 8.57 (T, 1H), 8.08 (T, 2H), 7.51(M, 5H), 5.83 (S, 

2H). 1-Benzylpyridinium hydroxide was prepared via an Ag2O ion exchange method,2 

forming 1-benzylpyridinium hydroxide in-situ in aqueous solution.  

Attempts to crosslink the quaternary ammonium monomers  

1-Benzylpyridinium bromide (0.05 g, 0.2 mmol) was dissolved in anhydrous 

dichloromethane (5 mL) followed by the addition of formaldehyde dimethyl acetal (35 µL, 

0.4 mmol) and iron(III)chloride (0.06 g, 0.4 mmol) under a nitrogen atmosphere. The reaction 

mixture was heated at 40 °C for 18 hours. No solid formed during the course of the reaction.  

Benzyltrimethylammonium bromide (0.7 g, 3 mmol) was dissolved in anhydrous 

1,2-dichloroethane (15 mL) followed by the addition of formaldehyde dimethyl acetal 

(0.53 mL, 6 mmol) and iron(III)chloride (0.97 g, 6 mmol) under a nitrogen atmosphere. The 

reaction mixture was heated 60 °C for 18 hours. No solid formed, therefore a further 0.97 g 

of iron(III)chloride was added and heated for an additional 18 hours. No solid formed after 

heating for a total of 48 hours.  

The same procedure was used to attempt HCP formation using benzyltrimethylammonium 

bromide in a mixture of anhydrous 1,2-dichloroethane and anhydrous methanol (10 mL, 1:1 

v/v%) which completely dissolved the monomer, prior to addition of formaldehyde dimethyl 

acetal and iron(III)chloride. No solid formed after a total of 48 hours heating at 60 °C. 
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Synthesis of Scholl coupled polymer  

The Scholl coupled polymer derived from triphenylbenzene was synthesised according to a 

modified literature procedure.4  Anhydrous aluminium chloride (4.9 g, 36.8 mmol) was added 

to a solution of 1,3,5-triphenylbenzene (1.51 g, 4.9 mmol) in refluxing anhydrous 

dichloromethane (60 ml) under a nitrogen atmosphere. The reaction mixture was stirred at 

reflux for 18 hours. The resulting solid was filtered and washed with water, ethanol, and 

methanol. This was followed by Soxhlet extraction in methanol overnight, prior to drying of 

the polymer in a vacuum oven at 60 °C to produce the Scholl coupled polymer (1.72 g, 

116%). Microanalysis (%) calculated for C24H15: C 95.02, H 4.98; Found: C 86.50, H 4.91.  

 Synthesis of TPB derived HCP  

The TPB HCP was synthesised using the “knitting” procedure.3 1,3,5-Triphenylbenzene 

(1.53 g, 5 mmol) was added to anhydrous 1,2-dichloroethane (30 mL) under a nitrogen 

atmosphere. Formaldehyde dimethyl acetal (2.7 mL, 30 mmol) was added and the mixture 

was stirred for 10 minutes. Iron(III) chloride (4.9 g, 30 mmol) was then added and the 

mixture was heated under a nitrogen atmosphere at 80 °C for 18 hours. After cooling, the 

precipitate was filtered and washed with methanol. The solid was further purified by Soxhlet 

extraction with methanol for 24 hours then dried in a vacuum oven at 60 °C overnight to 

produce the TPB HCP (1.91 g, 99%). Microanalysis (%) calculated for C15H12: C 93.71, H 

6.29; Found: C 85.02, H 5.03.   

Synthesis of biphenyl derived HCP  

The biphenyl derived HCP was synthesised via the self-condensation route using a modified 

literature procedure.11 The monomer, 4,4′-bis(chloromethyl)-1,1′-biphenyl (4.28 g, 17.04 

mmol) was dissolved in anhydrous 1,2-dichloroethane (20 mL) at 40 °C under a nitrogen 

atmosphere. A solution of iron(III)chloride (1.38 g, 8.52 mmol) was dissolved in anhydrous 

1,2-dichloroethane (20 mL) and was added to the monomer solution upon which solid 

precipitated from the solution immediately. The temperature of the mixture was increased to 

80 °C and heated for 18 hours. This was followed by filtration and washing of the solid using 

water, methanol and diethyl ether. The polymer then underwent further purification by 

Soxhlet extraction in methanol for 18 hours, prior to drying of the HCP in a vacuum oven at 

90 °C to produce the biphenyl derived HCP (3.01 g, 98%). Microanalysis (%) calculated for 

C14H12: C 93.29, H 6.71; Found: C 89.48, H 5.46.   
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Synthesis of grafted polymers  

The grafted polymers were synthesised using a modified literature procedure.20  

A typical procedure is described below; 

Paraformaldehyde (5 g) was dissolved in aqueous hydrochloric acid (12 M, 100 mL), glacial 

acetic acid (30 mL) and phosphoric acid (30 mL). The non-functionalised HCP (1 g) was 

added and the resulting mixture stirred at 90 °C for 3 days. This was followed by filtration of 

the polymer and washing of the polymer with water and methanol, followed by drying under 

vacuum at 60 °C to produce the chloromethylated form of the HCP (HCP-CH2Cl). The 

obtained HCP-CH2Cl was mixed with trimethylamine (45 mL, 33 wt% ethanol solution) in 

ethanol (100 mL) and heated at 75 °C for 3 days under a nitrogen atmosphere. The resulting 

solid was filtered, washed with water and methanol and dried under vacuum at 60 °C 

producing the amine functionalised form of the polymer (HCP-CH2N+(CH3)3-Cl-). Finally, 

exchange to the hydroxide form of the HCP was performed using sodium hydroxide aqueous 

solution (1 M, 200 mL) which had been degassed using nitrogen for at least 1 hour, prior to 

addition of the HCP-CH2N+(CH3)3-Cl-. The exchange was performed twice, filtering and 

replacing with fresh sodium hydroxide after 24 hours. After the second exchange for 24 

hours, the HCP was filtered and washed using distilled water (degassed for at least 1 hour 

using nitrogen) until the pH of the filtrate was neutral. The final form of the HCP (HCP-

CH2N+(CH3)3-OH-) was dried under vacuum at 45 °C.  

Warning: Since the first step of this procedure involved the generation of formaldehyde, 

which is a known carcinogen, the chloromethylation reaction was performed in a 250 mL 

single neck round bottomed flask, fitted with a water and air condenser, upon which a 

scrubber containing water was attached to trap any formaldehyde gas released during heating. 

A flow of nitrogen was used during the reaction to ensure a positive pressure was maintained 

inside the reaction vessel.  

Control experiments to test the grafting procedure  

Chloromethylation step performed in a sealed reaction vessel;  

Paraformaldehyde (0.75 g), aqueous hydrochloric acid (12 M, 15 mL), glacial acetic acid 

(4.5 mL), phosphoric acid (4.5 mL), and the biphenyl derived HCP (0.15 g) were added to a 

45 mL acid digestion vessel. The vessel was placed in an oven at 90 °C for 3 days. The vessel 
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was allowed to cool to room temperature prior to opening the vessel slowly in case of any 

pressure build-up. The HCP was filtered and washed with water and methanol. The final solid 

was dried in a vacuum oven at 60 °C, yielding the chloromethylated form of the HCP 

(HCP-CH2Cl).  

Alterative exchange route;  

Two grafted HCPs derived from biphenyl and triphenylbenzene (hydroxide form) prepared 

by the route outlined above were tested for complete exchange of halide to hydroxide as 

outlined below.  

The HCP-CH2N+(CH3)3-OH- (0.15 g) was placed between two pieces of filter paper in a 

polypropylene syringe barrel (100 ml). The HCP solid was continually flushed with aqueous 

sodium hydroxide solution (1 M, 200 mL). This was followed by recovering the solid, 

washing the solid with distilled water (degassed using nitrogen for at least 1 hour) until the 

pH of the filtrate was neutral, prior to drying under vacuum at 45 °C. The HCPs were then 

tested for their IEC. 

HCPs prepared by emulsion polymerisation 

The HCP synthesised via emulsion polymerisation of the precursor VBC-DVB nanoparticles, 

followed by “knitting” were synthesised by a literature procedure.21 This yielded the white 

VBC-DVB precursor powders (7.05 g, 86%).  Microanalysis (%) calculated for C93H93Cl10: 

C 71.36, H 5.99; Found: C 72.78, H 6.13.  The HCP (2.09 g, 109%) was produced using 

iron(III)chloride. Microanalysis (%) calculated for C103H103: C 92.26, H 7.74; Found: C 

85.22, H 6.24.   

Synthesis of CMP-0 & CMP-5 

Both CMPs were synthesised according to a modified literature procedure.13  

CMP-0 

1,3,5-Triethynylbenzene (0.45 g, 3.0 mmol) and 1,3,5-tris-(4’-iodophenyl)benzene (1.37 g, 

2.0 mmol) were placed in a 2 neck 100 mL round bottom flask fitted with condenser and 

nitrogen inlet. The flask was evacuated and backfilled with nitrogen gas three times. 

Anhydrous toluene (4.5 mL) and anhydrous triethylamine (4.5 mL) was added to the flask 

and the solution heated at 50 °C while degassing using nitrogen. A slurry of tetrakis-
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(triphenylphosphine)palladium(0) (0.1 g) and copper(I)iodide (0.03g) was prepared in 

anhydrous toluene (3 mL) and degassed using nitrogen gas for 30 minutes at room 

temperature in a 12 mL glass vial fitted with a septa. This slurry was then added to the 

reaction mixture using a needle and syringe and the temperature of the reaction increased to 

80 °C. The reaction was performed for 3 days at 80 °C under a nitrogen atmosphere. After 

this time, the reaction was cooled to room temperature and the precipitated solid filtered and 

washed once with chloroform, water, methanol, and acetone. This was followed by Soxhlet 

extraction overnight in methanol. The solid was then dried in a vacuum oven at 60 °C 

overnight to produce CMP-0 (1.05 g, 97%). Microanalysis (%) calculated for C36H18: C 

95.25, H 4.75; Found: C 88.08, H 3.91.  

CMP-5 

The same procedure was used for the synthesis of CMP-5 using 4,4’-diethynylbiphenyl 

(0.46 g, 2.25 mmol) and 1,3,5-tris-(4’-iodophenyl)benzene (0.68 g, 1.0 mmol) in anhydrous 

toluene (4.5 mL). A slurry of tetrakis-(triphenylphosphine)palladium(0) (0.1 g) and 

copper(I)iodide (0.025 g) was prepared in anhydrous toluene (3 mL). This produced CMP-5 

(0.73 g, 97%). Microanalysis (%) calculated for C48H27: C 95.52, H 4.48; Found: C 88.10, H 

4.37. 

Acid stability of CMP-5 

CMP-5 (150 mg) was stirred in glacial acetic acid (4.5 mL), phosphoric acid (4.5 mL), and 

aqueous hydrochloric acid (12M, 15 mL) for 3 days at 90 °C. This was followed by filtration 

and wash of the solid with water and methanol. The final solid was dried in a vacuum oven at 

60 °C overnight before undergoing gas sorption and elemental analysis.  

CP-CMP-10 synthesis   

CP-CMP-10 was synthesised according to a reported literature procedure.15 This produced 

CP-CMP-10 (0.89 g, 101%). Microanalysis (%) calculated for C26H14: C 95.97, H 4.03; 

Found: C 91.57, H 4.24. 

Sodium hydroxide HCP blended polymers 

The HCP (0.2 g), derived from either biphenyl or TPB, was added to a 3 M sodium hydroxide 

solution (12 mL, 3:1 v/v% methanol:water). The solution was stirred in a capped vial at room 

temperature for 3 days. This was followed by a rapid filter of the solution via Buchner 
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filtration to recover the solid. The solid was transferred to a vial and dried in a vacuum oven 

at 60 °C overnight to obtain the NaOH immobilised biphenyl HCP (0.46 g) or TPB HCP 

(0.36 g).  

Testing the grafted polymers against MP  

A typical procedure for testing the hydroxide containing polymers was as follows;  

The IEC determined for the grafted polymer was used to calculate the mass of polymer 

needed for the reaction to ensure 2 equivalents of hydroxide were used. The reaction solvent, 

CD3CN was dried over activated 3 Å molecular sieves prior to use.  

A solution of MP (1 equivalent, 0.028 mmol, 5 µL) in CD3CN (1 mL) was pipetted onto the 

hydroxide polymer or resin (2 equivalents hydroxide). If testing at room temperature, the 

reaction was performed in a glass vial and stirred. However, if testing at 60 °C, the reaction 

was performed in a pressure tube (Ace pressure tube sealed with an FETFE Ace O-ring using 

a front sealing cap). In both cases after the required time the mixture was filtered using a 

1 µm PTFE syringe filter and the filtrate analysed by NMR spectroscopy. In some cases were 

the acetonitrile solution had been absorbed by the polymer during the course of the reaction, 

additional CD3CN (0.3–0.8 mL) was added prior to filtration of the mixture. 

All reactions with GB, VX, and HD were carried out at Dstl by trained personnel using 

appropriate care and equipment due to the lethal toxicity of the agents. The same procedure 

was used for testing against GB (1 equivalent, 0.028 mmol, 3.6 µL) or VX (1 equivalent, 

0.028 mmol, 7.4 µL) in CD3CN (1 mL) using the A26 resin (3 equivalents hydroxide) for 

3 days at room temperature. HD testing is described in Chapter 5.4. 

Warning: Due to the lethal toxicity of chemical warfare agents such as GB and VX, all 

breakdown experiments using the real agents and also the CWA simulants was carried out in 

a fully functional fume hood with the sash set to a minimum to reduce exposure. Standard 

personal protective clothing (safety glasses, lab coat and gloves) was used during the 

reactions. All glassware (vials, pipettes) contaminated with GB or VX was decontaminated 

by allowing the glassware to soak overnight in aqueous sodium hypochlorite (14% available 

chlorine), prior to rinsing with water. All glassware (vials, pipettes) contaminated with MP 

was decontaminated by allowing the glassware to soak overnight in aqueous potassium 

hydroxide (2 M). The glassware was thoroughly rinsed with water before removing from the 
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fume hood. All equipment besides glassware (plastic syringes, pipette tips, gloves, blue roll) 

were disposed via specialist solid waste and remained in the fume hood at all times.  

Characterisation 

Samples characterised in this chapter using gas sorption, microanalysis, SEM, TGA, uptake, 

swelling, and FTIR measurements were performed using the same procedures and set up as 

outlined in Chapter 2.4. Exceptions were as follows;  

TGA analysis  

TGA profiles were obtained by heating the samples at 10 °C min-1 to 1000 °C under a flow of 

air. 

Gas sorption  

All samples were degassed at 120 °C for 18 hours prior to analysis. The hydroxide forms of 

the grafted HCPs were degassed at 45 °C for 18 hours prior to analysis.  

Determining the ion-exchange capacity (IEC) for the grafted polymers  

The typical procedure to determine the IEC for the hydroxide containing polymers was as 

follows; The hydroxide containing polymer or resin (20 mg) was stirred at room temperature 

for 18 hours in aqueous hydrochloric acid (0.01 M, 10 mL) to allow for complete 

neutralisation, followed by titration against standardized aqueous sodium hydroxide solution 

(0.01 M) using phenolphthalein as indicator.  
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4.5 Appendix 
 

 

Fig. A4.1 31P {1H} NMR spectrum obtained in CD3CN for breakdown of MP using sodium hydroxide 
(8.8 equivalents) and water (827 equivalents), after 1 hour at ambient temperature. The peak at 0.0 
ppm is from the phosphoric acid standard.  

 

Fig. A4.2 31P{1H} NMR spectrum for breakdown of MP using sodium hydroxide (20 equivalents) in 
the presence of a HCP (5 wt%), after 5 days at ambient temperature. DMP formation was confirmed 
using the 31P NMR (insert) by the splitting of the peak. The peak at 0.0 ppm is from the phosphoric 
acid standard. 
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Fig. A4.3 31P{1H} NMR spectrum obtained in CD3CN for breakdown of MP using 
tetrabutylammonium hydroxide (5 equivalents) and water (180 equivalents), after 1 hour at ambient 
temperature. The peak at 0.0 ppm is from the phosphoric acid standard.  

 

Fig. A4.4 31P{1H} NMR spectrum obtained in CD3CN for breakdown of MP using 4 equivalents of 
compound 1 (Scheme 4.1), in the presence of 400 equivalents of water, after 24 hours at ambient 
temperature. The peak at 0.0 ppm is from the phosphoric acid standard.   
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Fig. A4.5 31P{1H} NMR spectrum obtained in CD3CN for breakdown of MP using 4 equivalents of 
compound 2 (Scheme 4.1), in the presence of 400 equivalents of water, after 24 hours at ambient 
temperature. The peak at 0.0 ppm is from the phosphoric acid standard.  

 

Fig. A4.6 31P{1H} NMR spectrum obtained in CD3CN for breakdown of MP using 4 equivalents of 
compound 2 (Scheme 4.1), in the absence of water, after 24 hours at ambient temperature. The peak 
at 0.0 ppm is from the phosphoric acid standard.   
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Table A4.1 Microanalysis and SABET for post synthetic modification of the polymers derived 
from biphenyl, 1,3,5-triphenylbenzene (TPB), CMP-0, CP-CMP-10, or vinylbenzyl chloride 
(VBC) & divinylbenzene (DVB). 

Polymer Stage SABET 

(m2 g-1) 
CHN (%) 

C H N 
Biphenyl  

 
HCP  1882 89.48 5.46 0.00 

HCP-CH2Cl 1634 82.02 5.08 0.00 
HCP-CH2N+(CH3)3-Cl-) 1135 78.88 6.50 2.07 

HCP-CH2N+(CH3)3-OH-) 1082 77.24 5.83 1.67 
 

TPB 
(Scholl) 

HCP 2438 86.50 4.91 0.00 
HCP-CH2Cl 1276 70.64 4.33 0.00 

HCP-CH2N+(CH3)3-Cl-) 1140 60.25 4.10 0.81 
HCP-CH2N+(CH3)3-OH-) 1014 68.10 4.78 1.14 

 
TPB  

(Knitting) 
Original  

HCP 1557 85.02 5.03 0.00 
HCP-CH2Cl 1348 78.25 4.46 0.00 

HCP-CH2N+(CH3)3-Cl-) 1132 74.70 5.19 1.48 
HCP-CH2N+(CH3)3-OH-) 1033 78.12 5.34 1.39 

 
TPB  

(Knitting) 
Optimised 

HCP 1557 85.02 5.03 0.00 
HCP-CH2Cl  79.59 4.69 0.00 

HCP-CH2N+(CH3)3-Cl-) 69.68 5.35 1.74 
HCP-CH2N+(CH3)3-OH-) 930 77.59 5.48 1.43 

 
VBC-DVB 

(Prepared by emulsion 
polymerisation) 

HCP 1792 85.22 6.24 0.00 
HCP-CH2Cl 1515 78.96 6.00 0.00 

HCP-CH2N+(CH3)3-Cl-) 1125 75.37 6.68 1.67 
HCP-CH2N+(CH3)3-OH-) 1005 76.83 6.72 1.69 

      
CMP-0 CMP-0 1055 88.08 3.91 0.00 

CMP-0-CH2Cl 11 70.99 3.80 0.00 
CMP-0-CH2N+(CH3)3-Cl-) 9 71.85 4.57 1.41 

CMP-0-CH2N+(CH3)3-OH-) 9 71.15 4.34 1.64 
      

CP-CMP-10 CP-CMP-10 1488 91.57 4.24 0.00 
CP-CMP-10-CH2Cl  82.93 4.28 0.00 

CP-CMP-10-CH2N+(CH3)3-Cl-) 77.13 4.60 1.02 
CP-CMP-10-CH2N+(CH3)3-OH-) 1223 78.57 4.97 0.80 
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Fig. A4.7 FTIR spectra obtained for grafting the Scholl polymer derived from TPB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A4.8 FTIR spectra obtained for grafting the HCP derived from TPB. 
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Fig. A4.9 TGA profile of parent polymer derived from TPB, Scholl polymer (black line), grafted 
polymer obtained from the first stage (HCP-CH2Cl) blue line, second (HCP-CH2N+(CH3)3-Cl-) green 
line  and third stage (HCP-CH2N+(CH3)3-OH-) red line.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A4.10 TGA profile of parent polymer derived from TPB, HCP (black line), grafted polymer 
obtained from the first stage (HCP-CH2Cl) blue line, second (HCP-CH2N+(CH3)3-Cl-) green line  and 
third stage (HCP-CH2N+(CH3)3-OH-) red line. 
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Fig. A4.11 1H NMR spectrum obtained in CD3CN for testing of the grafted HCP derived 
from biphenyl against MP using 2 equivalents hydroxide, after 3 days at 60 °C.  

 

Fig. A4.12 1H NMR spectrum obtained in CD3CN for testing of the Scholl polymer derived 
from TPB against MP using 2 equivalents hydroxide, after 3 days at 60 °C.  
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Fig. A4.13 1H NMR spectrum obtained in CD3CN for testing of the grafted HCP derived 
from TPB against MP using 2 equivalents hydroxide, after 3 days at 60 °C. 

 

Fig. A4.14 1H NMR spectrum obtained in CD3CN for testing of the grafted HCP derived 
from biphenyl against MP using 2 equivalents hydroxide, after 4 days at ambient 
temperature. 
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Fig. A4.15 1H NMR spectrum obtained in CD3CN for testing of the Scholl coupled polymer 
derived from TPB against MP using 2 equivalents hydroxide, after 6 days at ambient 
temperature. 

 

Fig. A4.16 1H NMR spectrum obtained in CD3CN for testing of the HCP derived from TPB 
against MP using 2 equivalents hydroxide, after 4 days at ambient temperature. 
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Fig. A4.17 1H NMR spectrum obtained in CD3CN for testing of trimethylamine solution (in 
ethanol) against MP after 3 days at 60 °C, showing the appearance of the NMe3 peak in the 
1H NMR. TheM4NP breakdown product peak at 3.5 ppm overlapped with the ethanol peak.  

 

Fig. A4.18 1H NMR spectrum obtained in CD3CN for testing MP in CD3CN, in the absence 
of a grafted polymer, after 3 days at 60 °C, showing the retention of the MP peaks.  
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Fig. A4.20 1H NMR spectrum obtained in CD3CN for testing of the grafted HCP derived 
from TPB, synthesised using the optimised grafting conditions, against MP using 
3 equivalents hydroxide after 3 days at 60 °C. 

 

Fig. A4.21 1H NMR spectrum obtained in CD3CN for testing of the grafted HCP derived 
from TPB, synthesised using the optimised grafting conditions, against MP using 
3 equivalents hydroxide after 7 days at ambient temperature.  
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Fig. A4.22 FTIR spectra obtained for grafting the HCP derived from vinylbenzyl chloride 
(VBC) and DVB, prepared via the emulsion polymerisation route.  

 

Fig. A4.23 TGA profile of the parent HCP derived from vinylbenzyl chloride and DVB 
(black line), grafted polymer obtained from the first stage (HCP-CH2Cl) blue line, second 
(HCP-CH2N+(CH3)3-Cl-) green line  and third stage (HCP-CH2N+(CH3)3-OH-) red line.  
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Fig. A4.24 1H NMR spectrum obtained in CD3CN for testing of the HCP, derived from 
vinylbenzyl chloride (VBC) and DVB, against MP, using 2 equivalents hydroxide, after 3 
days at 60 °C.  

 

Fig. A4.25 1H NMR spectrum obtained in CD3CN for testing of the grafted CMP-0 against 
MP using 2 equivalents hydroxide, after 3 days at 60 °C.  
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Fig. A4.26 The FTIR spectra obtained for the grafting of CMP-0.  

 

Fig. A4.27 TGA profile for CMP-0 (black line), grafted CMP-0 obtained from the first stage 
(CMP-CH2Cl) blue line, second (CMP-CH2N+(CH3)3-Cl-) green line  and third stage 
(CMP-CH2N+(CH3)3-OH-) red line.  
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Fig. A4.28 The FTIR spectra obtained for the grafting of CP-CMP-10. 

 

Fig. A4.29 TGA profile of CP-CMP-10 (black line), grafted polymer obtained from the first stage 

(CP-CMP-CH2Cl) blue line, second (CP-CMP-CH2N+(CH3)3-Cl-) green line  and third stage (CP-

CMP -CH2N+(CH3)3-OH-) red line. 
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Fig. A4.30 1H NMR spectrum obtained in CD3CN for testing of the grafted CP-CMP-10 
against MP using 2 equivalents of hydroxide after 3 days at 60 °C.  

 

Fig. A4.31 1H NMR spectrum obtained in CD3CN for testing of the A26 resin, against MP, 
using 2 equivalents hydroxide, after 3 days at 60 °C.  
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Fig. A4.32 1H NMR spectrum obtained in CD3CN for testing of the IRN-78 resin, against 
MP, using 2 equivalents hydroxide, after 3 days at 60 °C.  

 

Fig. A4.33 1H NMR spectrum obtained in CD3CN for testing of the A26 resin, against MP, 
using 2 equivalents hydroxide, after 3 days at ambient temperature.  
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Fig. A4.34 1H NMR spectrum obtained in CD3CN for testing of the IRN-78 resin, against 
MP, using 2 equivalents hydroxide, after 3 days at ambient temperature.  

 

Fig. A4.35 1H NMR spectra, with repeated washes of the filtered polymer, after stirring of 
the grafted HCP, derived from TPB, against MP after 24 hours at 60 °C. 
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Fig. A4.36 1H NMR spectra, with repeated washes of the filtered polymer, after stirring of 
the polystyrene derived HCP against MP after 24 hours at (a) 60 °C and (b) ambient 
temperature. 

 

 



Chapter 4 Hydroxide-containing polymers for the breakdown of CWAs 
 

213 
 

 

Fig. A4.37 1H NMR spectrum obtained in D2O for testing the stability of MP in aqueous 
hydrochloric acid solution (0.1M) in CD3CN/D2O, after 24 hours at ambient temperature.   

 

Fig. A4.38 31P NMR spectrum obtained in CD3CN for testing of the A26 resin (3 equivalents 
hydroxide) after 3 days at ambient temperature.  
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Fig. A4.39 31P NMR spectrum obtained in CD3CN after 3 days at ambient temperature for 
testing of GB in CD3CN, in the absence of hydroxide containing polymer or resin. 

 

Fig. A4.40 31P NMR spectrum obtained in CD3CN for testing of the A26 resin (3 equivalents 
hydroxide) against VX after 3 days at ambient temperature. 
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Fig. A4.41 1H NMR spectrum obtained in CD3CN after 7 days at ambient temperature for 
testing of HD in CD3CN under the conditions used for the breakdown reaction.  

 

Fig. A4.42 1H NMR spectrum obtained in CD3CN for testing of the sodium hydroxide/HCP 
(derived from biphenyl) blended polymer against MP, using 19 equivalents hydroxide, after 3 
days at 60 °C.  
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Fig. A4.43 1H NMR spectrum obtained in CD3CN for testing of the sodium hydroxide/HCP 
(derived from biphenyl) blended polymer against MP, using 19 equivalents hydroxide, after 3 
days at ambient temperature.  

 

Fig. A4.44 1H NMR spectrum obtained in CD3CN for testing of the sodium hydroxide/HCP 
(derived from TPB) blended polymer against MP, using 21 equivalents hydroxide, after 3 
days at 60 °C.   
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Fig. A4.45 1H NMR spectrum obtained in CD3CN for testing of the sodium hydroxide/HCP 
(derived from TPB) blended polymer against MP, using 21 equivalents hydroxide, after 3 
days at ambient temperature. 

 

 

4.6 References  
 

1. Y. C. Yang, J. A. Baker and J. R. Ward, Chem. Rev., 1992, 92, 1729-1743. 

2. A. D. Mohanty and C. Bae, J. Mater. Chem. A, 2014, 2, 17314-17320. 

3. B. Li, R. Gong, W. Wang, X. Huang, W. Zhang, H. Li, C. Hu and B. Tan, 

Macromolecules, 2011, 44, 2410-2414. 

4. K. J. Msayib and N. B. McKeown, J. Mater. Chem. A, 2016, 4, 10110-10113. 

5. R. Dawson, T. Ratvijitvech, M. Corker, A. Laybourn, Y. Z. Khimyak, A. I. Cooper 

and D. J. Adams, Polym. Chem., 2012, 3, 2034-2038. 

6. D. R. Dekel, M. Amar, S. Willdorf, M. Kosa, S. Dhara and C. E. Diesendruck, Chem. 

Mat., 2017, 29, 4425-4431. 

7. D. J. Kennedy, B. P. Mayer, S. E. Baker and C. A. Valdez, Inorg. Chim. Acta, 2015, 

436, 123-131. 



Chapter 4 Hydroxide-containing polymers for the breakdown of CWAs 
 

218 
 

8. S. Y. Moon, Y. Y. Liu, J. T. Hupp and O. K. Farha, Angew. Chem., Int. Ed., 2015, 54, 

6795-6799. 

9. L. X. Tan and B. Tan, Chem. Soc. Rev., 2017, 46, 3322-3356. 

10. B. Li, X. Huang, L. Liang and B. Tan, J. Mater. Chem., 2010, 20, 7444-7450. 

11. C. D. Wood, B. Tan, A. Trewin, H. J. Niu, D. Bradshaw, M. J. Rosseinsky, Y. Z. 

Khimyak, N. L. Campbell, R. Kirk, E. Stockel and A. I. Cooper, Chem. Mat., 2007, 

19, 2034-2048. 

12. J. X. Jiang, F. Su, A. Trewin, C. D. Wood, N. L. Campbell, H. Niu, C. Dickinson, A. 

Y. Ganin, M. J. Rosseinsky, Y. Z. Khimyak and A. I. Cooper, Angew. Chem., Int. Ed., 

2007, 46, 8574-8578. 

13. J.-X. Jiang, F. Su, A. Trewin, C. D. Wood, H. Niu, J. T. A. Jones, Y. Z. Khimyak and 

A. I. Cooper, J. Am. Chem. Soc., 2008, 130, 7710-7720. 

14. Y. Xu, S. Jin, H. Xu, A. Nagai and D. Jiang, Chem. Soc. Rev., 2013, 42, 8012-8031. 

15. R. S. Sprick, J.-X. Jiang, B. Bonillo, S. Ren, T. Ratvijitvech, P. Guiglion, M. A. 

Zwijnenburg, D. J. Adams and A. I. Cooper, J. Am. Chem. Soc., 2015, 137, 3265-

3270. 

16. A. Laybourn, R. Dawson, R. Clowes, T. Hasell, A. I. Cooper, Y. Z. Khimyak and D. 

J. Adams, Polym. Chem., 2014, 5, 6325-6333. 

17. C. E. Harland, Ion-exchange: Theory and Practicle, Royal Society of Chemistry, 

London, 2nd edn., 1994. 

18. F. Tamaddon and F. Pouramini, Synlett, 2014, 25, 1127-1131. 

19. D. C. Sherrington, J. Polym. Sci., Part A: Polym. Chem., 2001, 39, 2364-2377. 

20. B. Li, Y. Zhang, D. Ma, Z. Xing, T. Ma, Z. Shi, X. Ji and S. Ma, Chem. Sci., 2016, 7, 

2138-2144. 

21. T. Mitra, R. S. Bhavsar, D. J. Adams, P. M. Budd and A. I. Cooper, Chem. Commun., 

2016, 52, 5581-5584. 

 

 

 

 

 



219 
 

 

 
 

Chapter 5 
 

Hydroxide polymers for the breakdown 
of sulfur mustard (HD) 

 

 

 
 

 

 

 

 
 

 

 

We would like to thank the Defence Science and Technology Laboratory (Dr Nicholas 

Cooper) for real agent testing and Mrs Jean Ellis for microanalysis. All other data presented 

in this chapter was collected by myself. 



Chapter 5 Hydroxide polymers for the breakdown of sulfur mustard (HD) 
 

220 
  

 5.1 Abstract  
 

In the previous chapter, breakdown of methyl paraoxon (MP) was observed using hydroxide-

containing polymers synthesised by grafting HCPs with trimethylammonium hydroxide 

(TMAH). While the polymers were effective for the breakdown of MP at 60 °C, their 

performance at ambient temperature was much lower. In addition, there appeared to be a 

preferential retention for some of the anionic breakdown products, including methyl 4-

nitrophenyl phosphate (M4NP), by the quaternary ammonium groups in the resin. Since the 

Amberlyst A26 resin proved successful for the breakdown of HD at ambient temperature, the 

focus of the project changed to focus on using the hydroxide containing polymers for the 

breakdown of the blister agent, sulfur mustard (HD). Decontamination of blister agents such 

as HD can prove challenging with the oxidation route for decontamination often producing a 

mixture of the non-toxic sulfoxide and toxic sulfone breakdown products. However, unlike 

with MP breakdown, the neutral elimination breakdown products produced when the A26 

resin was tested for the breakdown of HD would not be expected to be retained by the 

quaternary ammonium groups in the resin.  

In this chapter, hydroxide containing polymers for the breakdown of the blister agent HD are 

investigated following on from the promising result the A26 resin displayed when tested 

against HD at ambient temperature. The focus of the work was on developing materials for 

HD breakdown by using the HD simulant 2-chloroethyl ethyl sulfide (CEES), also known as 

“half-mustard.” The A26 resin was tested against CEES and the breakdown performance 

compared with two of the grafted HCPs synthesised in Chapter 4. Following on from this 

testing, the properties which gave rise to the resins enhanced performance against CEES 

compared to the grafted HCPs are discussed. This investigation was required in order to 

develop an effective material which can immobilise the CWA, a feature the conventional 

resins lack but HCPs possess and breakdown at ambient temperature, a feature whereby the 

resins outperformed the grafted HCPs. Through optimisation of the conditions for breakdown 

of the CEES simulant these optimised systems were then compared to their performance 

against HD.  
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5.2 Results and discussion  
 

5.2.1 Breakdown of CEES 
 

With the focus on the decontamination of the blister agent HD, the simulant used for testing 

was changed from the nerve agent simulant (MP) to using 2-chloroethyl ethyl sulfide 

(CEES), known most commonly as “half-mustard.”1-4 A schematic for the breakdown of 

CEES using the hydroxide resins is shown in Scheme 5.1. 

 

 

Scheme 5.1 The products observed for the breakdown of the HD simulant, 2-chloroethyl 

ethyl sulfide (CEES) using the hydroxide resin, Amberlyst A26. Breakdown occurred to 

produce a mixture of 2-(ethylthio)ethanol as the hydrolysis product (HP) and ethyl vinyl 

sulfide as the elimination product (EP).  

As for the testing of the A26 resin against HD, A26 was tested against CEES for 3 days at 

ambient temperature. This showed a 74% conversion when tested at ambient temperature 

with complete breakdown of the CEES observed after 3 days at 40 °C, a more relevant 

temperature than the 60 °C used for the MP breakdown experiments (Table 5.1). CEES 

breakdown occurred to produce a mixture of the hydrolysis (HP) and elimination (EP) 

breakdown products (Scheme 5.1). The formation of the HP occurs by a  nucleophilic 

hydrolysis pathway, where by water (present in the resin) attacks the highly reactive 

sulfonium cation intermediate compared to a dehydrohalogenation elimination pathway using 

hydroxide from the resin as base to form the EP.5  

Another conventional hydroxide resin known as Amberlite IRN-78 was also tested against 

CEES. This resin possesses a microporous structure compared to the macroporous A26 

resin.6  The microporous resin Amberlite IRN-78 displayed a very similar conversion as the 

macroporous A26 resin both at 40 °C and ambient temperature (Table 5.1). However, the 

IRN-78 resin produced the EP as the major breakdown product at both temperatures. This 

likely occurred due to the difference in the pore structure of the networks; restriction in the 
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micropores of the IRN-78 resin favouring the formation of the EP via a concerted E2 

elimination dehydrohalogenation reaction.5 This is in contrast to the SN1 two-step hydrolysis 

pathway involving the initial formation of a cyclic sulfonium cation as the rate-determining 

step, which then undergoes nucleophilic attack by water to form the HP.7-9 This should be 

more favourable within the larger macropores of the A26 resin and as a result favouring the 

formation of the HP as the major breakdown product when using A26 for CEES breakdown.  

 

Table 5.1 Breakdown conversion (%) and product distribution observed after testing of the 

two conventional resins, Amberlyst A26 and Amberlite IRN-78, against CEES after 3 days at 

either 40 °C or ambient temperature. All testing carried out using 3 equivalents of hydroxide. 

The 1H NMR spectra for the breakdown reactions are shown in Fig. 5.1 and Appendix A5, 

Fig. A5.1-3.  

 

 

 

 

 

 

No breakdown of CEES in the absence of the hydroxide resins was observed after 3 days at 

40 °C or ambient temperature, even after storing the NMR sample of CEES in acetonitrile for 

over one month at ambient temperature (Fig. A5.4-5). 

The breakdown conversion and product distribution was determined by 1H NMR using the 

same experimental procedure as used for the testing of the polymers against MP.  A typical 
1H NMR spectrum for testing of the A26 resin against CEES at ambient temperature is shown 

in Fig. 5.1. 

Resin  Conditions Conversion  

(%) 

Product distribution (%) 

HP EP 

A26 3 days 40 °C 100 81 19 

A26 3 days RT 74 91 9 

IRN-78 3 days 40 °C 100 33 67 

IRN-78 3 days RT 78 37 63 
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Fig. 5.1 1H NMR spectrum obtained in CD3CN for testing of the A26 resin against CEES 

using 3 equivalents of hydroxide after 3 days at ambient temperature. Breakdown conversion 

and product distribution calculated based on the integrals for CEES (3.7 ppm), HP (3.6 ppm), 

and EP (5.1 ppm).  

 

Compared to testing against MP, the testing against CEES overcame the issue of preferential 

retention of breakdown products by the hydroxide polymer. This was confirmed by 

conducting a similar retention experiment to that carried out with MP, however this time 

using the CEES simulant. The initial filter of the solid resin from the reaction mixture showed 

a much greater molar recovery compared to that obtained when testing against MP 

(Table 5.2). Upon additional washing of the solid with acetonitrile, this showed a more 

consistent conversion and product distribution. In addition, upon washing the solid with 

aqueous acid, no further mass was recovered from the solid, even after repeated washes with 

acid. This suggested no products were preferentially bound to the resin.  
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Table 5.2 Percentage conversions and molar recovery of CEES and the breakdown products 

from the A26 resin after 24 hours at ambient temperature. The polymer from the reaction 

mixture was filtered using a syringe filter (CD3CN filtrate 1) followed by successive washes 

of the solid using acetonitrile and aqueous hydrochloric acid (0.1 M in D2O). The 1H NMR 

spectrum for each filtrate is shown in Fig. A5.6.  

Filtrate  Conversion 

 (%) 

Molar recovery 

(%) 

 

Product distribution 

(%) 

HP EP 

CD3CN Filtrate1 28 63 89 11 

CD3CN Wash Filtrate 2 27 18 96 4 

CD3CN Wash Filtrate 3 28 2 93 7 

CD3CN Wash Filtrate 4 31 1 100 0 

CD3CN Wash Filtrate 5 0 0.4 0 0 

Acid Wash Filtrate 1  0  

Acid Wash Filtrate 2 0 

Acid Wash Filtrate 3 0 

Acid Wash Filtrate 4 0 

Acid Wash Filtrate 5 0 

Total recovery (%) 84 

Average conversion & 

Product distribution (%) 

29  95 5 
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In order to compare with the conventional resins, the breakdown performance against CEES 

of two grafted HCPs prepared in the previous chapter was assessed at 40 °C. Unlike with the 

resins, both HCPs failed to achieve complete conversion after 3 days at 40 °C (Table 5.3). 

Since the grafted HCPs failed to achieve complete conversion for breakdown of CEES after 

3 days at 40 °C, their performance at ambient temperature was not tested. 

Table 5.3 Breakdown conversion (%) and product distribution observed after testing of the 

two grafted HCPs using 3 hydroxide equivalents against CEES after 3 days at 40 °C. Other 

breakdown products detected are the proposed oxidised forms (sulfone and sulfoxide) of 

CEES. The 1H NMR spectra for the breakdown reactions are shown in Fig. 5.2 and 

Fig. A5.7.  

Grafted HCP Conversion 

(%) 

Product distribution (%) 

HP EP OEP Other 

 

Emulsion HCP 34 69 6 5 20  

TPB HCP 26 25 3 22 50 

 

Besides the lower conversion, the breakdown product distribution also changed when using 

the grafted HCPs for breakdown of CEES. In addition to the HP and EP seen previously for 

the breakdown of CEES using the two resins, an additional elimination product was formed. 

This additional product, an elimination product due to the appearance of vinyl peaks at 5.9 

and 6.7 ppm in the 1H NMR (Fig. 5.2) was proposed to be the oxidised form of the EP, ethyl 

vinyl sulfoxide denoted as OEP, which can form from the oxidation of the EP.10, 11 

In addition to the HP, EP, and OEP, there were two additional products detected in the 

breakdown reactions when using the grafted HCPs for CEES breakdown. These two products 

appeared as triplets at 4.15 and 4.25 in the 1H NMR spectrum. As seen throughout this 

chapter, sometimes only one of these peaks appeared for a given breakdown reaction 

suggesting each triplet corresponds to a different breakdown product. It was not possible to 

confirm the identity of these two products definitely. However, we believe these products 

consist of the sulfoxide and sulfone forms of CEES, since the triplets appear in close 

proximity to one another and are present in the 1H NMR for breakdown reactions resulting in 

a poor breakdown of CEES and hence greater retention of the CEES starting agent in the 
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reaction. These products may form via aerobic oxidation of CEES and could be promoted by 

any residual iron residues which remain in the HCP.  

 

Fig. 5.2 1H NMR spectrum for testing of the grafted HCP derived from VBC and DVB 

against CEES after 3 days at 40 °C. Additional breakdown products were formed when using 

the grafted HCPs compared to using the A26 resin including the OEP product and other 

breakdown products represented by the triplets at 4.16 and 4.25 ppm (*). Trimethylamine 

(3.07 ppm) was detected which occurred from the grafted HCP.  

Addition of ethyl vinyl sulfone (Fluorochem, 002475) to the 1H NMR sample obtained for 

the breakdown of CEES using A26 suggested the additional elimination product (OEP) was 

similar in appearance to ethyl vinyl sulfone (Fig. 5.3). This showed that the OEP was not 

ethyl vinyl sulfone because the chemical shifts did not match exactly. Addition of 

2-(ethylthio)ethanol (TCI, E0248) and ethyl vinyl sulfide (Sigma, 445916) to the breakdown 

NMR sample confirmed these two compounds corresponded to the HP and EP, respectively 

(Fig. 5.3).  With regards to the toxicity of the breakdown products, the HP and EP are 

non-toxic.12, 13 Since the OEP is an elimination product this is also expected to be non-toxic, 

similar to ethyl vinyl sulfone which is non-toxic.14 Any oxidised forms of CEES would be 
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undesirable due to the issue with respect to the toxicity of the sulfone compared to the 

sulfoxide.  

 

 

Fig. 5.3 1H NMR spectra obtained in CD3CN for the breakdown of CEES using the A26 resin 

after 3 days at 40 °C, followed by the addition of 2-(ethylthio)ethanol (HP), ethyl vinyl 

sulfide (EP), and ethyl vinyl sulfone observing changes in the proton environments upon 

addition. Peaks corresponding to the various products highlighted on each spectrum.  

Similar to using the grafted HCPs for MP breakdown, there was a peak in the 1H NMR at 

3.07 ppm. This was assigned to trimethylamine being quite intense in the NMR due to the 

breakdown reactions using the grafted HCPs taking place at 40 °C. The higher temperature 

promoting the loss of trimethylamine from the quaternary ammonium groups through 

hydroxide attack at the benzylic carbon. In contrast to MP, trimethylamine was not effective 

for the breakdown of CEES, with no breakdown observed for testing of trimethylamine 

against CEES, after 7 days at ambient temperature or 3 days at 40 °C (Fig. A5.8). For the 

reaction of trimethylamine with CEES, besides peaks in the 1H NMR spectrum which 

corresponded to CEES, some smaller peaks were observed which may have occurred from 
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the reaction of ethanol (NMe3 solution in ethanol was used) with the CEES. However, these 

peaks were very small and did not increase in intensity when the reaction was performed at 

the higher temperature of 40 °C, indicating no significant reaction of CEES with 

trimethylamine. This therefore suggested any breakdown of CEES observed using the grafted 

polymers occurred due to the hydroxide in the polymer and not due to trimethylamine.  

Despite the predominately microporous network of the HCPs, the microporous conventional 

resin (IRN-78) maintained roughly the same conversion as the macroporous resin (A26) with 

no other breakdown products observed besides the EP and HP. This suggested the difference 

in pore size between the macroporous A26 resin and predominately microporous HCP 

networks should not be the determining factor which resulted in a lower breakdown 

conversion and change in the breakdown product distribution when using the grafted HCPs 

for the breakdown of CEES, compared to the resins.  

In contrast to the testing of the hydroxide polymers against the nerve agent simulant MP, the 

testing against the blister agent simulant CEES showed a distinct difference between the 

breakdown performances using the two conventional resins compared to using the grafted 

HCPs. Not only did the grafted HCPs result in a much lower conversion when tested against 

CEES, they also resulted in the production of additional breakdown products. This included 

oxidised products including OEP and proposed oxidised forms (sulfone and sulfoxide) of 

CEES. 

 

5.2.2 Developing a material which can immobilise and breakdown CEES 

 

The two conventional resins A26 and IRN-78 outperformed the grafted HCPs for the 

breakdown of CEES. Therefore, a greater understanding as to the cause of this difference was 

needed in order to develop an effective hydroxide containing polymer to immobilise and 

breakdown CWAs. In addition, it was desirable to investigate whether the superior 

breakdown properties of the resins could be used in order to form materials which could 

immobilise and breakdown simultaneously, by combining the resins with HCPs. This would 

therefore allow for a two-component system whereby the resin would be responsible for the 

breakdown and the HCP responsible for immobilisation of the agent.  
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5.2.2.1 Combining resins and HCPs  
 

Non-grafted HCPs were combined with the A26 resin as ad-mixtures through mixing of the 

two solids together in a vial, without establishing any covalent interaction between the resin 

and the HCP. Different HCPs and compositions were studied to observe the effect this had on 

CEES breakdown and the uptake capacity of the mixture.  

Compared to testing CEES breakdown using solely the A26 resin, when tested using A26 

combined with a non-grafted HCP (33 wt%), this could maintain approximately the same 

level of  breakdown after 3 days at ambient temperature (Table 5.4). The breakdown using 

this mix retained the HP as the major product. However, 11% of the OEP was also produced 

as the minor breakdown product showing that the OEP could be produced when using the 

A26 resin in the presence of a non-grafted HCP.  

Table 5.4 Breakdown conversion (%) and product distribution for CEES breakdown using a 

series of A26 resin–HCP mixes after 3 days at ambient temperature. Uptakes in acetonitrile 

compared to the uptake for the non-grafted HCP derived from polystyrene which had an 

uptake of 13.9 mL g-1 (+/-1.2) in acetonitrile. Breakdown experiments using the 0 and 

33 wt% HCP mixes used 3 equivalents of hydroxide, while the 80 wt% HCP mix used 0.9 

equivalents of hydroxide. The 1H NMR spectra for the breakdown reactions are shown in 

Fig. 5.1 for the 0 wt% mix and Fig. A5.9 for the 33 and 80 wt% mix. 

HCP in mix 

(wt%) 

Uptake 

(mL g-1) 

Conversion 

(%) 

Product distribution (%) 

HP EP OEP OHP 

0 2.1 (+/-0.1) 74 91 9 0 0 

33 4.7 (+/-0.5) 73  47  20  11  22  

80 9.7 (+/-0.9) 33  6  49  30  15  

 

Besides the HP, EP, and OEP breakdown products, there was a peak at 3.9 ppm in the 
1H NMR which increased in intensity overtime after 7 days at ambient temperature 

(Fig. A5.10). The splitting of this peak appeared as a triplet of doublets suggesting it occurred 

from some form of the HP (RSCH2CH2OH). This peak may have occurred from the 

oxidation of the HP overtime since this peak increased in intensity at the expense of the HP 

(Table 5.5).15 This product was denoted as OHP throughout.  
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Despite maintaining the same level of conversion to the conversion obtained when using the 

A26 resin alone, the uptake capacity for the 33 wt% mix suffered. Compared to the uptake for 

the HCP of around 14 mL g-1, the mixing of the A26 resin with the HCP resulted in the 

uptake reducing by over half to around 5 mL g-1. However, this uptake was still greater 

compared to the uptake of around 2 mL g-1 for the 0 wt% mix formed of solely the A26 resin 

(Table 5.4), showing the benefit the HCP had in improving the uptake capacity of the 

breakdown mixture.  

While increasing the amount of HCP in the A26–HCP mixture could improve the uptake 

capacity of the mix, seen for the 80 wt% mix, the increased mass of HCP in the mix had a 

large impact on the breakdown conversion with only a 33% conversion reached after 3 days 

at ambient temperature. Compared to the 33 wt% mix, the amount of hydroxide for the 

80 wt% mix could not be maintained at 3 equivalents of hydroxide, as previously used for 

testing of the A26 resin alone against CEES. The increased mass of the 80 wt% mix which 

would be required to maintain 3 equivalents of hydroxide in the resin made it impractical for 

testing. As a result, when testing the 80 wt% mix against CEES only 0.9 equivalents of 

hydroxide was used thereby reducing the percentage conversion. The product distribution 

was also affected by increasing the amount of HCP in the mix with the 80 wt% mix favouring 

production of the elimination products including the OEP over the HP (Table 5.4). The 

increased percentage of the OEP product formed when using the 80 wt% mix further supports 

the hypothesis of OEP formation being favoured by the presence of the HCP, which may help 

promote oxidation of the EP since more of the EP is formed with an increasing amount of 

HCP in the mix.  

The 33 wt% HCP–A26 mix prepared using the HCP derived from polystyrene showed a good 

breakdown performance against CEES when compared to the performance of the A26 resin 

alone, however the uptake of the mix suffered reducing the effectiveness of the HCP for the 

immobilisation of an agent/simulant solution. Therefore, as a way to maintain the conversion 

and improve the uptake for a 33 wt% HCP ad mix, a HCP which possessed a higher initial 

uptake, compared to the polystyrene HCP, was used. The HCP derived from TPB was used to 

achieve this since this HCP had previously been used for the grafting of TMAH (Chapter 4). 

This HCP had a much larger uptake of around 35 mL g-1. Upon preparing a 33 wt% mix of 

this HCP with the A26 resin, the uptake reduced to approximately 12 mL g-1. However, the 

uptake of this mix was still much higher than the 5 mL g-1 obtained for the equivalent A26–
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HCP mix prepared using the polystyrene derived HCP, and was in fact in line with the uptake 

of 14 mL g-1 for the polystyrene HCP alone (Table 5.5).   

The 33 wt% HCP–A26 mix prepared using the HCP derived from TPB was tested against 

CEES and showed a similar conversion and breakdown product distribution as the lower 

uptake mix prepared using the polystyrene derived HCP (Table 5.5). However, the mix 

prepared using the TPB HCP displayed a greater uptake capacity as a result of the higher 

uptake of the TPB HCP compared to the polystyrene HCP. The TPB derived HCP–A26 mix 

up took roughly the same extent as the fluorobenzene derived HCP, which was the best 

performing HCP for uptake in Chapter 2. This showed the breakdown conversion could be 

maintained, even when using a HCP–A26 mix containing a HCP with a higher uptake 

capacity.   

Table 5.5 Comparison of the conversion (%) and product distribution for CEES breakdown 

using a HCP–A26 mix (33 wt% HCP) after 3 days at ambient temperature. Uptake (in 

acetonitrile) for the mixes compared to the uptake for the non-grafted HCPs derived from 

either polystyrene or TPB, which had an uptake of 13.9 mL g-1 (+/-1.2) and 33.8 mL g-1 (+/-

1.0)), respectively. All testing carried out using 3 equivalents hydroxide. The 1H NMR 

spectra for the breakdown reactions are shown in Fig. 5.1 for the 0 wt% mix and Fig. A5.9-

11 for the remaining experiments.  

HCP used 

in mix 

HCP  

(wt%) 

Uptake  

(mL g-1) 

Conditions  Conversion 

(%) 

Product distribution (%) 

HP EP OEP OHP 

TPB 33 11.6  

(+/-1.5) 

3 days RT 74  46  9  9  36  

7 day RT 100  0  0  16  84  

Polystyrene 33 4.7  

(+/-0.5) 

3 days RT 73  47  20  11  22  

None  

(A26 resin) 

0 2.1 

 (+/-0.1) 

3 days RT  74 91 9 0  0  

7 days RT 96 91 9  0  0  

14 days RT 100 90 10 0 0 

 

Complete conversion of CEES was achieved after 7 days at ambient temperature using the 

mix prepared from the TPB derived HCP (Table 5.5). The breakdown product distribution 

also changed after 7 days, with the disappearance of the HP and EP in the 1H NMR and 
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convergence to the OEP and OHP. In contrast, testing using the A26 resin alone against 

CEES resulted in retention of the HP and EP with no indication of the OEP or OHP from the 
1H NMR once complete conversion was reached within 7–14 days at ambient temperature 

(Table 5.5). The fact the oxidised forms of the EP (OEP) and HP (OHP) are the only two 

products produced after 7 days of testing using the HCP–A26 mix suggests that these 

products are favoured over a longer time period, at the expense of the EP and HP. This 

supports the theory of these products being oxidised forms of the EP and HP.  

5.2.2.2 Learning from the resins  

 

While the resin and HCP ad mixes proved successful for the breakdown of CEES after 3–7 

days at ambient temperature, it would be desirable to develop a one component material 

which could immobilise and decompose the CWA simultaneously. With regards to the 

application of these materials for the stockpile destruction, a one-component system would 

help to reduce the mass of material needed to immobilise and breakdown the CWA.   

As shown in the previous section (Section 5.2), the conventional resins are more effective for 

the breakdown of the CEES simulant compared to the grafted HCPs. The similar breakdown 

conversion obtained for the macroporous A26 resin compared to the microporous IRN-78 

resin suggested the difference in pore size did not influence the breakdown performance of 

the polymer. In addition, both the resins and grafted HCPs also contain the same strongly 

basic TMAH group, suggesting other reasons for the greater performance of the resins.  

TGA analysis for the A26 resin as received from the supplier showed the resin contains 

around 60 wt% water, indicated by the initial mass loss from the sample (Fig. 5.5, blue line). 

TGA–mass spectrometry showed the release of water followed by the release of 

trimethylamine, at the slightly higher temperature of 150–200 °C (Fig. 5.4). In order to 

establish the influence of the water in the resin on the breakdown performance against CEES, 

the A26 resin was dried and tested again for CEES breakdown.  
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Fig. 5.4 (a) TGA profile for A26 as received from supplier, wet (blue line), over the time 

period which showed the two-step mass loss. (b) Gas chromatography trace for mass release 

over the selected time period, with the mass spectrum recorded at time (c) 3.94 and (d) 5.81 

minutes, observing the detection of water and trimethylamine at 18 and 58 m/z, respectively, 

from the mass spectrum.  

 

After vacuum drying the A26 resin at 60 °C, the water content in the resin was significantly 

reduced as confirmed from the TGA profile, with around 7 wt% water, similar to the water 

content present in the grafted HCPs (Fig. 5.5, red and black lines).  
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Fig. 5.5 TGA profile for the A26 resin as received from supplier, wet (blue line), after drying 

(red line) and after hydrating the dried resin for 5 days (green line). TGA profile for a grafted 

HCP (as-synthesised) derived from biphenyl (black line) shown as a comparison.  

Elemental analysis suggested the retention of the quaternary ammonium groups in the A26 

resin after drying, with the nitrogen content of the resin increasing after removal of the 

majority of water from the resin (Table 5.6). In addition, the FTIR spectrum (Fig. 5.6) for the 

resin before and after drying showed very little change with the peaks at around 1370 cm-1 

(C–N stretch) and 2900 cm-1 (C–H stretch from the NMe3 group) being maintained. Both the 

FTIR and elemental analysis indicated the TMAH groups remained intact after drying the 

resin at 60 °C under vacuum for 24 hours. Upon drying of the resin, the IEC for A26 

increased from 1.39 to 2.31 mmol g-1, suggesting a higher loading of TMAH in the resin 

compared to the grafted HCPs prepared previously (Chapter 4).  
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Table 5.6 Elemental analysis for the Amberlyst A26 resin, as received from the 

supplier (wet) and after drying at 60°C for 24 hours. 

A26 resin form  CHN (%) 

C H N 

From supplier (wet) 24.62 7.63 2.17 

After drying (dried) 73.50 8.15 4.50 

 

 

Fig. 5.6 FTIR spectra for the A26 resin (wet) and after drying at 60 °C for 24 hours. 

 

The A26 resin after drying was tested against CEES, both at ambient temperature and 40 °C 

for 3 days (Table 5.7). The performance of the resin for CEES breakdown suffered 

significantly upon drying of the resin, with only a 16% conversion achieved at ambient 

temperature and 48% conversion at 40 °C. In addition, the breakdown product distribution 

changed, with a reduction in the two expected breakdown products HP and EP and the 

appearance of an additional breakdown product. This was more pronounced when testing the 
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dried resin against CEES at ambient temperature, which did not show any of the HP or EP. 

Therefore, the presence of water in the network of the resin appears to be important in order 

to promote the breakdown of CEES to the HP and EP breakdown products, over any 

additional breakdown products. The breakdown product distribution when using the dried 

form of the A26 resin was similar to that obtained using the grafted HCPs for the breakdown 

of CEES (Table 5.3), which also contained additional breakdown products, besides the HP 

and EP. The additional breakdown product occurring when using the dried form of the A26 

resin was the same as one of the two additional breakdown products formed using the grafted 

HCPs for the breakdown of CEES. This showed the breakdown product assigned earlier as 

the oxidised forms (sulfoxide and sulfone) of CEES was present when using the resin in its 

dried form which supported the idea of this being an oxidised form of CEES, being formed 

when a large amount of CEES remained in the presence of a polymer or resin containing little 

water.     

Table 5.7 Comparison of the breakdown conversion (%) and product distribution for CEES 

breakdown using the wet and dried form of the A26 resin after 3 days at either ambient 

temperature or 40 °C. All testing carried out using 3 equivalents of hydroxide. Other 

breakdown products detected are the proposed oxidised forms (sulfone or sulfoxide) of 

CEES. The 1H NMR spectra for the breakdown reactions using A26 (wet) is shown in 

Fig. 5.1 and Fig. A5.1 and Fig. A5.13-14 for testing using the dried form of the resin. 

A26 resin form Conditions Conversion  

(%) 

Product distribution (%) 

HP EP OEP Other 

 

Wet(from supplier) 3 days RT 74 91 9 0 0 

Dried    3 days RT 16 0 0 0 100 

Wet(from supplier) 3 days 40 °C 100 67 33 0 0 

Dried   3 days 40 °C 48 24 1 0 75 

 

The presence of such large amounts of water in the A26 resin could be seen from repeated 

stirring of the A26 resin in acetonitrile at 60 °C (Fig. 5.7). This showed a shift in the water 

peak in the 1H NMR, from 2.9 ppm to 2.2 ppm, after the first stirring and hence removal of 

water from the resin at 60 °C. Also seen from stirring the resin in acetonitrile was the 

appearance of two broad peaks at around 5.7 to 6.5 ppm. These peaks are thought to originate 
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from hydration of end groups in the resin from the water present in the resin, causing them to 

appear in the NMR. These two broad peaks are present in the 1H NMR spectra for the CEES 

and MP breakdown experiments using both the A26 and IRN-78 resins. The peaks are less 

intense after the second round of stirring of the A26 resin and are not present in the third 

round of stirring (Fig. 5.7). This confirms these peaks originate from the resin and are related 

to the large amount of water present in the A26 resin, in the form as received from the 

supplier (wet) and usually used for testing against CEES or MP.  

 

 

Fig. 5.7 1H NMR spectra of the CD3CN filtrates after successive washing of the A26 resin 

three times at 60 °C for 24 hours.  

It was investigated next whether it was possible to improve the breakdown performance of 

the dried A26 resin by incorporating water back into the resin. After placing the dried resin in 

a desiccator at 100% relative humidity for 5 days, the water content in the resin increased to 

around 30 wt% (Fig. 5.5, green line), approximately half the water content compared to the 

wet form of the resin, as-received from the supplier. Testing the re-hydrated resin against 

CEES for 3 days at ambient temperature showed an improvement in the breakdown 

conversion to 30% and breakdown product distribution, with the reoccurrence of the HP 
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(Table 5.8). The same level of conversion as the wet form of the resin could not be achieved, 

even when the dried A26 resin sample was solvated by introducing 50 and 70 wt% water with 

respect to the mass of the dried resin i.e. around the same amount of water to that of the water 

content present in the as-received wet form of the A26 resin. The incorporation of water back 

into the resin did help to reduce the additional oxidised breakdown product formed when 

using the dried form of the resin by favouring the production of the HP.  

Table 5.8 Comparison of the breakdown conversion (%) and product distribution for CEES 

breakdown after 3 days at ambient temperature using the dried and re-hydrated forms of the 

A26 resin, compared to the initial breakdown conversion and product distribution obtained 

using the original wet form of the resin. All testing carried out using 3 equivalents of 

hydroxide. A rough estimate of the water content for each form of the resin was established 

from the TGA profile or the amount of water added for the dried + water forms of the resin. 

Other breakdown products detected are the proposed oxidised forms (sulfone or sulfoxide) of 

CEES. The 1H NMR spectra for the breakdown reactions are shown in Fig. 5.1 using A26 

(wet) and Fig. A5.13-17 for the remaining experiments. 

A26 resin form Water content  

(%) 

Conversion  

(%) 

Product distribution (%) 

HP EP OEP Other 

Wet(from supplier) 55 74 91 9 0 0 

Dried   8 16 0 0 0 100 

Re-hydrated 30 30 36 1 0 63 

Dried & Solvated  50 28 28 0 0 72 

Dried & Solvated  70 25 33 6 0 61 

 

It appears that the high water content present in the wet form of the A26 resin gave rise to the 

resins superior breakdown conversion and product distribution compared to the grafted 

HCPs. The presence of water in the resin increases the percentage conversion for the 

breakdown of CEES, resulting in preferential formation of the HP and if enough water 

present, only the HP and EP as the desired products. This is confirmed upon removal of the 

majority of the water from the resin which significantly affected the breakdown conversion 

and product selectivity. A similar trend was observed when varying the water content for the 

hydrolysis of MP using the nitrogen containing bases (Chapter 3). After drying the A26 

resin, it was difficult to incorporate high amounts of water back into the resin by re-hydrating 
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the dried form of the resin, and hence restore the breakdown performance of the resin. It was 

only possible to restore the same water content by solvating the dried resin achieved through 

the addition of water with the dried resin. However this failed to restore the breakdown 

conversion and product distribution which may have occurred due to less penetration of water 

into the A26 resin network upon the addition of water to the dried resin (solvating the resin) 

compared to greater penetration of water in the as-received wet form of the A26 resin. Less 

penetration of water into the A26 resin network would disfavour formation of the HP and 

favour formation of the proposed oxidised forms of CEES.  

The same breakdown behaviour upon drying of the Amberlite IRN-78 resin would be 

expected since this resin possessed a similar water content to that of the A26 resin, as 

confirmed from the TGA profile of the Amberlite resin (Fig. A5.12).  

5.2.2.3 Grafting PAF-1 
 

Gaining a greater understanding as to why the conventional resins work effectively for the 

breakdown of CEES at ambient temperature highlighted two main reasons; (a) the high water 

content the resins possess and (b) the higher IEC of the resins– resulting in a higher 

hydroxide loading. Therefore, it was necessary to establish whether a POP could be 

synthesised which could display the same breakdown behaviour as the A26 resin for CEES 

breakdown.  

In the previous chapter, it was shown that the IEC for the HCPs could not be increased to a 

great extent due to a large proportion of aromatic positions participating in crosslinking to 

form the networks. Despite the alkyne containing CMPs being unstable to the conditions 

required for the chloromethylation reaction, grafting of these CMPs and a CP-CMP which 

was stable to the conditions failed to increase the IEC of the resulting grafted polymer. As a 

result, a POP which had a much higher initial SABET was used in order to attempt to achieve a 

higher IEC in the grafted POP. PAF-1 was investigated for this particular task. Although the 

synthesis of PAF-1 is more expensive compared to HCP synthesis, using Ni(COD)2 catalysed 

Yamamoto coupling of tetra(4-bromo)phenylmethane,16 PAFs are well known for their very 

high SABET and well defined rigid networks,16, 17 making such materials ideal supports for 

grafting with TMAH. Therefore, PAF-1 was synthesised and grafted with TMAH using the 

same procedure as used throughout this work (Scheme 4.2, page 155).  
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Compared to grafting of the HCPs, the grafting of PAF-1 resulted in a higher IEC of 

2.2 mmol g-1; the highest IEC value obtained for the grafted HCPs was 1.41 mmol g-1 

obtained for the HCP derived from TPB. The IEC obtained for grafted PAF-1 was in line 

with the dried A26 resin which had an IEC of 2.3 mmol g-1. The hydroxide form of grafted 

PAF-1 showed a 3.9 wt% nitrogen content from the elemental analysis, much higher 

compared to the grafted HCPs, suggesting around a 35% functionalisation of the aromatic 

rings in the PAF network. Such a degree of functionalisation resulted in a significant drop in 

the SABET of the final hydroxide form of the PAF to 402 m2 g-1 (Table 5.9). 

 

Table 5.9 Elemental analysis and SABET for grafting of PAF-1. 

Polymer SABET 

(m2 g-1) 

CHN (%) 

C H N 

PAF-1 4698 93.42 5.15 0.00 

PAF-1- CH2Cl  76.02 4.45 0.00 

PAF-1-CH2N+(CH3)3-Cl-) 57.27 7.67 3.90 

PAF-1- CH2N+(CH3)3-OH-) Dried 402 61.62 7.08 3.90 

 

 

The FTIR spectrum obtained for grafted PAF-1 in hydroxide form showed the appearance of 

a peak at 1300 cm-1, from the C–N stretch of the C–N+Me3 group. In addition, a peak at 

2993 cm-1 was observed from the C–H stretch present in the NMe3 groups (Fig. 5.8). The 

FTIR spectrum for the grafted PAF-1 showed more noticeable changes in the FTIR compared 

to the grafting of the HCPs (Chapter 4, Fig. 4.2) due to grafting of a higher percentage of 

aromatic rings within the PAF network. This is likely to be due to a greater proportion of 

aromatic sites available for grafting in the PAF network and the much larger SABET of PAF-1 

compared to the HCPs. Similar to the grafted HCPs, the presence of a large peak in the 3200–

3500 cm-1 region of the spectra exists which occurs due to physisorbed water present in the 

grafted PAF network, enhanced by the quaternary ammonium groups from the TMAH units.  
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Fig. 5.8 FTIR spectra for PAF-1 (bottom spectrum) and grafted PAF-1 (top spectrum).  

TGA analysis showed the same features as the grafted HCPs, with the initial loss of 

physisorbed water from the polymer followed by the loss of trimethylamine (Fig. 5.9). In 

particular, the loss of trimethylamine was more prominent between 100 to 200 °C for the 

grafted PAF due to the higher loading of TMAH.  

 

Fig. 5.9 TGA profile for PAF-1(black line), grafted PAF-1 obtained from the first step 

(PAF-CH2Cl) blue line, second step (PAF-CH2N+(CH3)3-Cl-) green line and third step 

(PAF-CH2N+(CH3)3-OH-) red line.  
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Based on the breakdown performance of the various hydrated forms for the A26 resin against 

CEES, grafted PAF-1 was hydrated prior to testing its breakdown performance against CEES. 

Hydrating the A26 resin showed it was difficult to uptake large amounts of water using the 

dried form of the A26 resin. This was similar when attempting to hydrate the grafted HCPs 

and CMPs, which had been dried in a vacuum oven after synthesis. Hydrating the grafted 

polymers synthesised wet i.e. without drying in a vacuum oven after synthesis, showed much 

higher levels of water in the final polymers. As a result, the as-synthesised wet form of 

grafted PAF-1 was hydrated for 3 days in a desiccator at 100% relative humidity (Fig. 5.10, 

green line). This showed a high water content of around 55 wt% after hydrating. This amount 

of water was similar to the water content present in the A26 resin (Fig. 5.10, blue line). 

Therefore hydrating the as-synthesised wet form of a grafted polymer led to a higher water 

uptake, most likely due to the presence of water already present in the polymer network 

promoting further water uptake. This is in contrast to when hydrating the as-synthesised dried 

form of the grafted polymer, which has a reduced tendency to uptake water.   

 

Fig. 5.10 TGA profile for PAF-1 (as-synthesised, wet form) black line, PAF-1 

(as-synthesised dried) red line, PAF-1 after hydrating for 3 days in desiccator at 100% 

relative humidity (green line), and A26 resin (wet) blue line.  
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After hydrating the as-synthesised wet form of grafted PAF-1 to achieve approximately the 

same water content as present in the A26 resin, the performance for this polymer was tested 

against CEES for 3 days at ambient temperature. As a comparison, both the as-synthesised 

wet form and the as-synthesised dried form of grafted PAF-1 were also tested against CEES 

under the same conditions (Table 5.10). This showed the breakdown conversion increased as 

the amount of water in the grafted PAF increased, with the dried form having a conversion of 

only 13%, while the hydrated form showed a 60% conversion, approaching the conversion 

obtained when using the A26 resin (wet) after 3 days at ambient temperature. The 

as-synthesised wet form of grafted PAF-1 showed a conversion in between that obtained 

using the dried and hydrated form. In addition, using the dried form of the grafted PAF for 

CEES breakdown, this had a significant effect on the breakdown product distribution. The 

appearance of the OEP and one of the additional breakdown products formed when using the 

grafted HCPs against CEES were formed as breakdown products when using the dried form 

of PAF-1 (Table 5.10). This was similar to when using the dried form of the A26 resin for 

CEES breakdown, which formed an additional breakdown product, similar in nature to that 

formed with the dried form of grafted PAF-1. This further supports the hypothesis of these 

additional products consisting of oxidised forms (sulfoxide and/or sulfone) of CEES, being 

formed when overall breakdown of CEES is lower using grafted polymers with a low water 

content. Therefore water is key to discourage formation of the additional breakdown 

products.  
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Table 5.10 Breakdown conversion (%) and product distribution for CEES breakdown using 

grafted PAF-1, in the various forms (dried, wet, or hydrated) after 3 days at ambient 

temperature. CEES breakdown using A26 resin (wet) shown as a comparison. All testing 

carried out using 3 equivalents of hydroxide. The IEC and a rough estimate of the water 

content (from the TGA profiles) are shown for each form of the polymer. Other breakdown 

products detected are the proposed oxidised forms (sulfone or sulfoxide) of CEES. The 1H 

NMR spectra for the breakdown reactions are shown in Fig. 5.1 and Fig. A5.18-20. 

Grafted PAF-1 

 Form 

IEC  

(mmol g-1) 

Water 

content 

(%) 

Conversion  

(%) 

Product distribution (%) 

HP EP OEP Other 

 

Dried (as-synthesised) 2.20 19 13 56 0 7 37 

Wet (as-synthesised) 1.54 23 37 100 0 0 0 

Hydrated  

(as-synthesised wet form) 

1.02 56 60 97 3 0 0 

A26 (Wet(from supplier)) 1.39 55 74 91 9 0 0 

 

Grafting of PAF-1 possessing a much higher initial SABET for the parent polymer compared 

to HCPs, along with a greater number of available aromatic sites for functionalisation showed 

a good breakdown of CEES after 3 days at ambient temperature. This was achieved through a 

combination of a higher IEC and high water content in the polymer. In addition, this work 

further confirmed the importance of water on not only the breakdown conversion but also the 

product distribution. A greater amount of water in the grafted PAF network resulted in an 

improved breakdown conversion and change in product selectivity to favour formation of the 

HP. While an improved performance for CEES breakdown at ambient temperature was 

achieved using grafted PAF-1, the performance failed to match that obtained for the A26 

resin. This is likely a consequence of the grafted PAF-1 still possessing a lower IEC and 

hence lower density of hydroxide compared to the A26 resin (Table 5.10). Despite this a 

clear improvement in the breakdown performance for CEES breakdown at ambient 

temperature was achieved, demonstrating how both the breakdown conversion and product 

selectivity can be altered by changing the water content in the polymer. Besides improving 

the breakdown performance of the hydroxide polymer through the incorporation of water, the 
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presence of water is also reported to enhance the stability of the quaternary ammonium 

groups from hydroxide attack.18  

 

5.2.2.4 Hydrating grafted TPB HCP 
 

Based on the knowledge gained from testing CEES breakdown using the various hydrated 

forms of grafted PAF-1 and the A26 resin, one of the grafted HCPs was synthesised again 

however this time the grafted HCP was hydrated prior to testing of the polymer against 

CEES. Since the IEC could not be enhanced further for the HCPs, only the water content of 

the polymer could be optimised to improve the breakdown performance of the grafted HCP 

against CEES at ambient temperature. The grafting of the TPB derived HCP was chosen 

since this displayed the largest uptake after grafting, out of all the HCPs previously grafted.  

The TPB derived HCP was grafted using the same procedure as before, however this time the 

grafted polymer was not dried. The as-synthesised wet form of the grafted TPB HCP showed 

a very high water content of around 76 wt%, shown from the TGA profile (Fig. 5.11). A 

sample of the as-synthesised wet form of the grafted TPB HCP was hydrated in a desiccator 

at 100% relative humidity. This showed a reduction in the water content to 65 wt% which 

may have occurred as a result of equilibration of water in the sample whilst in the desiccator 

at 100% relative humidity. It is also important to point out the values of the water content 

established from TGA are only a rough estimate. Loss of trimethylamine occurred besides 

water, with a transition whereby both water and amine are lost at the same time at around 150 

°C, as observed using TGA-MS earlier for the A26 resin (Fig. 5.4).  

 



Chapter 5 Hydroxide polymers for the breakdown of sulfur mustard (HD) 
 

246 
  

 

Fig. 5.11 TGA profile for grafted TPB HCP, as-synthesised wet (red line) and the grafted 

TPB HCP after hydrating for 3 days in a desiccator at 100% relative humidity (blue line). 

Both wet forms of the grafted TPB HCP (as-synthesised wet and hydrated sample) were 

tested against CEES (Table 5.11). Compared to the as-synthesised dried form of the grafted 

TPB HCP originally tested against CEES, which failed to achieve complete breakdown of 

CEES at 40 °C, the wet forms of the grafted HCP exhibited a much greater breakdown 

performance. The hydrated form of the grafted HCP saw a 74% conversion after 3 days at 

ambient temperature, the same conversion achieved when using the A26 resin for CEES 

breakdown. This is despite the IEC for the grafted HCP being much lower (0.5 mmol g-1) 

compared to the A26 resin (1.4 mmol g-1), a result of the higher water content present in the 

hydrated form of the grafted TPB HCP compared to the A26 resin. The breakdown using the 

hydrated grafted HCP enhanced further after 7 days testing at ambient temperature with a 

96% conversion being reached. Testing the as-synthesised wet form of the grafted HCP 

against CEES saw a lower conversion after 3 and 7 days at ambient temperature, with a 

similar conversion after 7 days compared to the conversion the hydrated form of the grafted 

HCP reached after 3 days (Table 5.11).  

The HP was produced as the main breakdown product after 3 days at ambient temperature, 

when using both hydrated forms of the grafted HCP. The oxidised form of the HP did also 
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appear and increase overtime after 7 days of testing. The amount of EP and OEP were much 

lower compared to the HP and OHP, a consequence of the high water content in the grafted 

HCP favouring formation of the HP.  

Table 5.11 Breakdown conversion (%) and product distribution for CEES breakdown using 

the grafted TPB HCP, in the various forms, after 3 days at ambient temperature. CEES 

breakdown using A26 resin (wet) shown as a comparison. All testing carried out using 

3 equivalents of hydroxide. A rough estimate of the water content is made from the TGA 

profile for each form of the polymer. Other breakdown products detected are the proposed 

oxidised forms (sulfone and sulfoxide) of CEES. The 1H NMR spectra for the breakdown 

reactions using the grafted TPB HCP are shown in Fig. A5.7 and Fig. A5.21-24. 

Grafted HCP form Water 

Content 

 (%)  

Conditions Conversion 

(%) 

Product distribution (%) 

HP EP OEP OHP  

 

Other 

 

Wet (as-synthesised) 76 3 Days RT  63 51 1 0 43 6 

7 Days RT   77 43 6 1 35 15 

Hydrated  

(as-synthesised wet form) 

66 3 Days RT 74 61 6 0 24 8 

7 Days RT   96 33 4 3 53 7 

A26 (Wet(from supplier)) 55 3 Days RT 74 91 9 0 0 0 

7 Days RT   96 91 9 0 0 0 

Dried (as-synthesised) 6 3 Days 40 °C 26 25 3 22 0 50 

 

5.2.2.5 Hydrating the A26–HCP blends  

 

Based on the result of hydrating the grafted TPB HCP and the improvement this made to the 

breakdown performance of the polymer (Table 5.11), it was interesting to establish what 

effect hydrating the non-grafted HCP in the HCP–A26 mix would have on the breakdown of 

CEES at ambient temperature. In particular, by hydrating the HCP in the mix it was 

interesting to see if (a) an improvement in the breakdown conversion against CEES at 

ambient temperature was observed and (b) an improvement in the breakdown product 

distribution could be observed, favouring the formation of the HP and EP over any other 

breakdown products including OEP and additional oxidised products.  
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The non-grafted TPB HCP was hydrated in a desiccator using the same procedure as used to 

hydrate the grafted TPB HCP. Surprisingly, despite the hydrophobic nature of the HCP, 

hydrating the polymer in the desiccator for 3 days showed a large increase in the water 

content of the HCP from the TGA profile (Fig. 5.12). Swelling of the porous HCP network in 

water vapour is thought to give rise to this large water uptake.  

 

 

Fig. 5.12 TGA profile for the as-synthesised dried TPB HCP (black line) and after hydrating 

the dried TPB HCP (blue line) for 3 days in a desiccator at 100% relative humidity.  

 

The breakdown performance against CEES at ambient temperature was enhanced using an 

A26–HCP mix prepared using the hydrated TPB HCP (33 wt% mix for the mass of the 

non-hydrated HCP) reaching 96% conversion of CEES after 3 days at ambient temperature 

and thereby greatly exceeding the 74% conversion obtained when using the A26 resin alone 

for CEES breakdown (Table 5.12). The HP was initially produced as the major breakdown 

after 3 days testing, and similar to the trend seen for the hydrated grafted TPB HCP, the 

percentage of the HP decreased in favour of the oxidised HP (OHP), albeit at a slower rate 

compared to when using the A26–HCP mix prepared using the non-hydrated HCP (Table 

5.12).  
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Table 5.12 Comparison of the conversion (%) and product distribution for CEES breakdown 

using HCP-A26 mixes (33 wt% HCP) with various hydrated forms of the TPB HCP in the 

mix with A26 (33 wt% mix for the mass of the non-hydrated HCP was used to form the mix 

when using the hydrated HCP). The water content present in the HCP was calculated from 

the TGA profile for the as-synthesised dried and hydrated form, or from the amount of water 

added with the HCP for the solvated forms. All testing was carried out using 3 equivalents of 

hydroxide. The 1H NMR spectra for the breakdown reactions are shown in Fig. A5.10 and 

Fig. A5.25-29.  

 

In order to investigate the conditions which favoured the formation of the OEP and OHP, an 

A26 ad mix was prepared however this time using activated carbon as the absorbent material. 

The 33 wt% mix of activated carbon and A26 was prepared and showed a similar breakdown 

conversion as the original A26–HCP mix with complete conversion reached after 7 days at 

ambient temperature (Table 5.13). However, using the activated carbon in place of the HCP 

in the mix, this showed the convergence of the HP and EP to OHP and OEP, respectively, 

occurred to less of an extent. After 7 days testing, the percentage of the OEP remained the 

same and only 5% more of the OHP was formed compared to that formed after 3 days. This 

showed that it was possible to form these oxidised products using materials other than HCPs 

to form the A26–absorbent mixes. However, the formation of these products maybe enhanced 

for HCPs possibly due to any residual iron residues which are retained in the HCP network.  

 

 

TPB HCP form Water content 

in HCP (%) 

Conditions Conversion  

(%) 

Product distribution (%) 

HP EP OEP OHP  

Dried  

(as-synthesised) 

0.6 3 days RT 74  46  9  9  36  

7 days RT 100  0  0  16  84  

Dried & Solvated  

 

33 3 days RT 93 56 0  18 26  

7 days RT 100  16 0  12  72 

Hydrated  

(dried form) 

57 3 days RT 96  58  0  27  15  

7 days RT 100  34  0  23  43  

Dried & Solvated  66 3 days RT 100  52 0  29  19 
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Table 5.13 Comparison of the conversion (%) and product distribution for CEES breakdown 

using A26 with different absorbents (33 wt%) observing the effect on the breakdown product 

distribution. All testing carried out using 3 equivalents hydroxide. The 1H NMR spectra for 

the breakdown reactions using the activated carbon as absorbent are shown in Fig. A5.30-31. 

 

Due to the incorporation of large amounts of water into the TPB HCP in order to enhance the 

breakdown performance for CEES breakdown, the uptake capacity of the HCP for 

acetonitrile was re-assessed since the role of the HCP was to act as a sorbent in the A26–HCP 

mix. The uptake for both the grafted and non-grafted TPB HCP reduced upon hydrating the 

polymers, with the uptake capacity for the non-grafted TPB HCP reducing by over half upon 

grafting and further being reduced upon hydration (Table 5.14).  

 

 

 

 

 

 

 

Absorbent used Conditions Conversion  

(%) 

Product distribution (%) 

HP EP OEP OHP 

TPB HCP 3 days RT 74  46  9  9  36  

7 days RT 100  0  0  16  84  

Activated Carbon  3 days RT 74 46 43 6 5 

7 days RT 100 50 34 6 10 

None  

(A26 alone) 

3 days RT 74 91 9 0 0 

7 days RT 96 91 9 0 0 

14 days RT 100 90 10 0 0 
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Table 5.14 Uptake capacity in acetonitrile for a series of grafted (red) and non-grafted (blue) 

TPB HCPs in various hydrated forms. Water contents of the polymers calculated from TGA 

or the amount of water added with the HCP (solvated forms). Uptakes in acetonitrile 

calculated as an average of three measurements, with error (shown in brackets) calculated as 

the standard deviation. 

TPB HCP form Water content in HCP  

(%) 

CH3CN  

Uptake (mL g-1) 

Wet grafted HCP (as-synthesised) 76 5.2 (+/- 0.9) 

Hydrated (as-synthesised dried HCP) 57 7.3 (+/- 1.0) 

Dried grafted HCP (as-synthesised) 6 15.0 (+/- 0.2) 

Dried HCP & Solvated 33 30.0 (+/- 6.3) 

Dried HCP & Solvated 66 38.0 (+/- 5.7) 

Dried HCP (as-synthesised) 0.6 33.8 (+/- 1.0) 

 

Only 20% of the original uptake remained after hydrating the non-grafted as-synthesised 

dried TPB HCP, possessing an uptake for acetonitrile of  around 7 mL g-1. This indicates the 

A26–HCP mix prepared using the hydrated form of the TPB HCP would show a much lower 

uptake capacity for acetonitrile compared to the original mix formed using the dried form of 

the TPB HCP. 

However, the solvated forms of the TPB HCP obtained by the addition of water (33 or 66 

wt%) with the dried HCP showed the uptake of the resulting mix for acetonitrile could be 

maintained, displaying an uptake in line with that obtained for the as-synthesised dried form 

of the TPB HCP, which contained less than 1 wt% water (Table 5.14). The retention of the 

uptake for the solvated TPB HCPs is likely due to less penetration of water into the HCP 

network, which would be expected to decrease the uptake capacity of the HCP towards 

acetonitrile. This is in contrast to hydrating the HCP in a desiccator at 100% relative 

humidity, a much slower process allowing for penetration of water into the polymeric 

network, there by hindering the uptake capacity of the HCP since the network would have a 

reduced tendency to swell.  

When testing the A26–HCP mixes prepared using the solvated HCPs against CEES at 

ambient temperature, this showed an improvement in the breakdown performance as was 
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seen when using the hydrated A26–HCP mixtures (Table 5.12). In fact, the performance of 

the mix prepared using the solvated TPB HCP (66 wt% water) was the best performing 

polymer synthesised to date, with complete conversion of CEES observed within 3 days at 

ambient temperature to produce predominately the HP, exceeding the performance of the 

A26 resin alone. In addition, the A26–HCP mix would be expected to maintain a relatively 

high uptake capacity for acetonitrile based on observing the effect of water incorporation into 

the HCP on the uptake capacity of the HCPs for acetonitrile (Table 5.14). 

 

5.2.3 Real agent testing using HD 
 

Following the success of optimising the hydroxide containing polymers for the breakdown of 

CEES at ambient temperature, some of the more successful A26–HCP compositions were 

tested against the real agent HD. This testing was carried out by trained staff at Dstl 

laboratories due to the lethal toxicity of the CWAs.  

In the previous chapter, testing of the A26 resin alone against HD was effective for 

breakdown at ambient temperature showing a 54% conversion after 3 days. This breakdown 

conversion was reached progressively over the 3 days (Fig. 5.13), with a 23% conversion 

being obtained after 24 hours at ambient temperature. Further testing after 7 days showed an 

improvement in the conversion, albeit at a slower rate, with a 66% conversion being obtained 

(Table 5.15). 
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Fig. 5.13  1H NMR spectra obtained in CD3CN for testing of the A26 resin using 3 hydroxide 

equivalents, against HD after 1 hour to 7 days at ambient temperature. 

The 33 wt% HCP–A26 mix, prepared using as-synthesised TPB HCP (dry), was tested 

against HD reaching 50% conversion after 3 days at ambient temperature. Testing this mix 

for 7 days at ambient temperature failed to enhance the breakdown performance with exactly 

the same conversion and product distribution being obtained to that corresponding to testing 

for 3 days (Table 5.15). It was thought that this halt in the breakdown of CEES after 3 days 

could be due to the reversible addition of hydrochloric acid to regenerate HD, reducing the 

amount of the HD elimination product formed.19  

In an attempt to overcome the halt in breakdown, the amount of hydroxide from the resin was 

increased from 3 to 6 equivalents. In order to observe what effect increasing the amount of 

hydroxide in the resin had on the breakdown of HD, the A26 resin alone (no HCP mix) was 

tested against HD. Increasing the number of hydroxide equivalents showed very little change 

in the breakdown performance compared to using 3 hydroxide equivalents, with a slightly 

lower conversion after 3 days at ambient temperature and only a small increase in the 

percentage conversion after 7 days (Table 5.15). It is important to note that when 

6 equivalents of hydroxide were used, this resulted in an additional breakdown product, 
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detected in the 1H NMR (Fig. 5.14). This was assigned to the hydrolysis product 

(2,2’-thiodiethanol) formed as a result of the larger amount of water present in the reaction 

due to the increased mass of the A26 resin used when testing at 6 equivalents of hydroxide.  

Fig. 5.14  1H NMR spectra obtained in CD3CN for testing of the A26 resin using 6 hydroxide 

equivalents, against HD after 3 and 7 days at ambient temperature. The proposed hydrolysis 

products are highlighted (*).  

The hydrolysis product for HD breakdown is disfavoured over the elimination products due 

to the poor solubility of HD in water. This may have resulted in a similar breakdown 

performance when testing breakdown of HD using the A26 resin at 6 hydroxide equivalents 

compared to 3 equivalents. This is a clear difference in breakdown compared to breakdown 

of the CEES simulant which showed a much greater conversion when increasing to 

6 equivalents of hydroxide in the A26 resin. Using 6 equivalents of hydroxide in the A26 

resin, this showed a 95% conversion after 3 days at ambient temperature to produce 97% of 

the CEES hydrolysis breakdown product compared to 74% conversion to produce 91% of the 

HP when using 3 hydroxide equivalents (Fig. A5.34). Increasing the hydroxide equivalents 

and hence the amount of water present in the A26 resin due to an increase in the mass of 
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resin, this will favour formation of the hydrolysis breakdown products for both HD and 

CEES. However, the data presented here implies the HD hydrolysis breakdown product is 

less favoured compared to the CEES hydrolysis breakdown product which could have 

contributed to a slower breakdown rate for HD compared to CEES.   

Table 5.15 Comparison of the conversion (%) and product distribution for HD breakdown 

using the A26 resin alone at either 3 or 6 equivalents of hydroxide and A26 combined with 

the TPB HCP (dried and hydrated). The testing was carried out in the A26–HCP mixes using 

3 equivalents of hydroxide. Breakdown occurred to produce the mono-vinyl sulfide (MVS), 

divinyl sulfide (DVS) and the hydrolysis HD product (HP). The 1H NMR spectra for the 

breakdown reactions are shown in Fig. 5.13-14 and Fig. A5.32-33. 

Polymer Conditions Conversion 

(%) 

Product Distribution (%) 

MVS DVS HP 

 

A26 resin 

 (3 equivalents hydroxide) 

1 Hour 1 100 0 0 

7 Hours 15 88 12 0 

1 Day 23 60 40 0 

3 Days 54 55 45 0 

7 Days 66 45 55 0 

 

A26 resin  

(6 equivalents hydroxide)  

3 Days 52 62 22 15 

7 Days 69 57 26 17 

      

A26–TPB HCP  

(33 wt%) 

3 Days 50 53 47 0 

7 Days 50 53 47 0 

 

A26–TPB HCP  

Hydrated HCP 

(33 wt%) 

3 Days 21 34 7 60 

7 Days 16 43 9 48 

 

The impact of water on HD breakdown was further confirmed when the A26–HCP mix, 

prepared using the hydrated form of the TPB HCP which improved CEES breakdown, was 

tested against HD. This hydrated mix against HD failed to improve the conversion and 

resulted in a much lower conversion than that obtained when using the A26 resin alone. In 
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fact, the breakdown was lower after 7 days compared to 3 days further indicating an 

equilibrium between HD and the breakdown products. The hydrolysis breakdown product 

was produced as the major breakdown product when using the hydrated mixes contributing to 

the lower breakdown rate. Therefore, unlike with CEES breakdown, additional water in the 

hydroxide polymer does not enhance the breakdown of HD and actually hinders breakdown 

by the generation of the less favoured HD hydrolysis breakdown product.   

 

5.3 Conclusions 
 

Compared to MP breakdown covered in Chapter 4, the hydroxide containing polymers were 

more successful for the breakdown of HD and the simulant, CEES at ambient temperature. 

The issue faced with MP breakdown whereby breakdown products were preferentially 

retained by the polymer was overcome by using CEES, confirmed by repeated washes of the 

filtered solid from the CEES breakdown experiment with acetonitrile and hydrochloric acid. 

The A26 resin showed a greater breakdown performance for CEES compared to the grafted 

HCPs previously synthesised in Chapter 4. The reasons for this difference were investigated 

and occurred due to the greater IEC (hydroxide density) and greater water content the A26 

resin possessed compared to the grafted HCPs. These two factors were used in order to 

attempt to create a system which could meet or exceed the breakdown performance of the 

A26 resin, yet possess a good uptake capacity, a downside to using the A26 resin for both the 

immobilisation and destruction of CWAs.  

Increasing the IEC to a level similar to the A26 resin was achieved by grafting PAF-1 and 

through combining the higher hydroxide density in the grafted polymer with the influence of 

hydrating the polymer, the CEES breakdown performance increased significantly at ambient 

temperature compared to the grafted HCPs in their dried form. The positive effect of 

hydration on CEES breakdown was also seen for the as-synthesised wet form of the grafted 

TPB HCP followed by further hydration of this sample displaying a similar performance to 

that of the A26 resin, despite possessing a much lower IEC.  

Finally, the superior breakdown performance of the A26 resin was combined with the higher 

uptake capacity of the HCPs to create two component systems (A26–HCP mixes). The mixes 

possessed lower uptakes compared to the HCP alone. Whilst hydrating the HCP benefitted 
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the breakdown performance, the increased amount of water in the polymer reduced the 

uptake capacity of the HCP. However, by varying the method in which water was 

incorporated with the HCP, this could lead to retention of the uptake capacity, similar to the 

original HCP while displaying good breakdown performance, in some cases exceeding the 

CEES breakdown performance using the A26 resin alone. This route presents a simple 

approach of using a two-component system to allow for the uptake and breakdown of the 

CEES simulant, overcoming the drawback of the low uptake capacity the A26 resin 

possesses.    

Whilst the breakdown materials were optimised for CEES (half-mustard) breakdown, testing 

against HD using the more successful systems and conditions such as hydrated polymers, this 

highlighted clear differences between HD and CEES breakdown. In contrast to CEES 

breakdown that showed an enhancement in the breakdown performance upon incorporating 

water into the HCPs, this trend was the reverse for HD breakdown. The reaction of HD with 

A26 alone failed to achieve complete conversion even after 7 days at ambient temperature. 

Once more, increasing the number of hydroxide equivalents seemed to hinder the breakdown 

performance, unlike the A26 resin against CEES which saw the breakdown conversion 

improve with increasing the amount of hydroxide. The formation of the slower forming 

hydrolysis breakdown product of HD when increasing the hydroxide equivalents and hence 

the amount of water from the A26 resin with an increasing mass of resin is the most likely 

explanation for this difference. This demonstrates the challenges faced when designing 

systems for CWA breakdown, particularly in academia whereby decontamination systems are 

often optimised using simulants as oppose to the real agents.  
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5.4 Experimental  
 

Materials  

All chemicals were purchased from commercial suppliers and used as received. 

Synthesis of PAF-1  

PAF-1 was synthesised using a modified literature procedure.17  

The reaction was carried out in a nitrogen filled glove box, including all weighing and solvent 

manipulations. Tetrakis(4-bromophenyl)methane (0.76 g, 1.2 mmol) was added to a solution 

of 2,2’-bipyridyl (0.86 g, 5.48 mmol), bis(1,5-cyclooctadiene)nickel(0) (1.51 g, 5.48 mmol) 

and 1,5-cyclooctadiene (0.67 mL, 5.48 mmol) in anhydrous DMF/THF (90 mL/135 mL). The 

reaction mixture was stirred overnight at room temperature under nitrogen atmosphere in the 

glove box. After stirring overnight, the reaction flask was removed from the glove box and 

6 M hydrochloric acid (90 mL) was added. The mixture was stirred overnight followed by 

collection of the white precipitate by filtration. The white solid wash washed with methanol 

and water and dried at 150 °C for 24 hours under vacuum to produce PAF-1 as a white 

powder (0.36 g, 94%). Microanalysis (%) calculated for C25H16: C 94.90, H 5.10; Found: 

C 93.42, H 5.15.   

Testing hydroxide containing polymers and resins against 2-chloroethyl ethyl sulfide 

(CEES) and sulfur mustard (HD) 

The IEC determined for the grafted HCP or resin was used to determine the mass needed to 

test at the required number of hydroxide equivalents, usually 3 equivalents. The reaction 

solvent, CD3CN was dried over activated 3 Å molecular sieves prior to use.    

A typical procedure for testing the hydroxide containing polymers was as follows;  

A solution of CEES (1 equivalent, 0.028 mmol, 3.3 µL) in CD3CN (1 mL) was pipetted onto 

the hydroxide polymer or resin (3 equivalents hydroxide). If testing at room temperature, the 

reaction was performed in a glass vial and stirred. However, if testing at 40 °C, the reaction 

was performed in a pressure tube (Ace pressure tube sealed with an FETFE Ace O-ring using 

a front sealing cap). In both cases after the required time the mixture was filtered using a 

1 µm PTFE syringe filter and the filtrate analysed by NMR spectroscopy. In some cases were 
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the acetonitrile solution had been absorbed by the polymer during the course of the reaction, 

additional CD3CN (0.3–0.8 mL) was added prior to filtration of the mixture. 

All reactions using HD were carried out at Dstl by trained personnel using appropriate care 

and equipment due to the lethal toxicity of the agents. The same procedure was used for 

testing against HD (1 equivalent, 0.028 mmol, 3.5 µL) in CD3CN (1 mL) using the A26 resin 

(3 or 6 equivalents hydroxide) or the A26–HCP (33 wt% HCP) (3 equivalents hydroxide). 

Warning: Due to the lethal toxicity of chemical warfare agents such as HD, all breakdown 

experiments using the real agents and also the CWA simulants were carried out in a fully 

functional fume hood with the sash set to a minimum to reduce exposure, with standard 

personal protective clothing (safety glasses, lab coat and gloves) used during the reactions. 

All glassware (vials, pipettes) was decontaminated by allowing to soak in a potassium 

hydroxide solution (10% KOH in ethanol/water/DMSO, 1:1:3 v/v%) overnight. The 

glassware was thoroughly rinsed with ethanol before removing from the fume hood. All 

equipment besides glassware (plastic syringes, pipette tips, gloves, blue roll) were disposed 

via specialist solid waste and remained in the fume hood at all times.  

Preparation of the A26–HCP mixes  

The mixes were prepared by mixing Amberlyst A26 (62 mg) with the HCP (31 mg) in a vial. 

The CEES or HD acetonitrile solution was then pipetted onto the solid and stirred in the vial 

to commence the start of the breakdown reaction.  

Procedure for hydrating the polymers   

The polymers, including the grafted TPB HCP, grafted PAF-1, and TPB HCP (non-grafted) 

were hydrated in a desiccator at 100% relative humidity.  

The polymer (150 mg) was placed on filter paper and placed in a desiccator containing warm 

water (around 50 °C, degassed using nitrogen bubbling for at least 1 hour). The desiccator 

was sealed and the polymer left for 3 days. The polymer was removed from the desiccator 

and transferred to a vial.  
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5.5 Appendix  

 

Fig. A5.1 1H NMR spectrum obtained in CD3CN for testing of the A26 resin against CEES 
using 3 equivalents of hydroxide after 3 days at 40 °C.  

 

Fig. A5.2 1H NMR spectrum obtained in CD3CN for testing of the IRN-78 resin against 
CEES using 3 equivalents of hydroxide after 3 days at 40 °C.  
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Fig. A5.3 1H NMR spectrum obtained in CD3CN for testing of the IRN-78 resin against CEES 
using 3 equivalents of hydroxide after 3 days at ambient temperature.  

 

Fig. A5.4 1H NMR spectra obtained for CEES in CD3CN after  stirring for 3 days at either ambient 
temperature or 40 °C, showing no breakdown of CEES occurring over this time period.  
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Fig. A5.5 1H NMR spectra obtained for CEES in CD3CN over 1 month at room temperature. 

 

 

Fig. A5.6 1H NMR spectra for repeated washes of the filtered resin after stirring of the A26 resin 
against CEES for 24 hours at ambient temperature. Mesitylene (6.8 ppm) was used as an internal 
standard in the NMR filtrate for each wash to calculate the molar recovery of CEES and breakdown 
products in each filtrate.  
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Fig. A5.7 1H NMR spectrum obtained in CD3CN for testing of the grafted HCP derived from 
TPB against CEES after 3 days at 40 °C. Additional breakdown products from the triplets at 
4.16 and 4.25 ppm indicated on spectra (*). Trimethylamine (NMe3) occurred from the 
grafted HCP.  

 

 

 

 

 

 

 

 

 

 

 

Fig. A5.8 1H NMR spectra obtained in CD3CN for testing of trimethylamine (~33 wt% 
solution in ethanol) against CEES after 7 days at ambient temperature or 3 days at 40 °C.  
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Fig. A5.9 1H NMR spectra obtained in CD3CN for testing of (a) the A26–HCP (33 wt%) mix using 
the HCP derived from polystyrene and (b) the A26–HCP (80 wt%) mix using the HCP derived from 
polystyrene. Testing carried out using (a) 3 equivalents and (b) 0.9 equivalents of hydroxide after 3 
days at ambient temperature. Peaks highlighted are those which were used to calculate the percentage 
conversion and product distribution. A peak assigned to methanol was detected, which originated 
from methanol residues in the HCP. Additional breakdown product at 3.9 ppm indicated on spectra 
(*).  
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Fig. A5.10 1H NMR spectra obtained in CD3CN for testing of the A26–HCP (30 wt%) mix using the 
HCP derived from TPB. Testing carried out using 3 equivalents hydroxide after (a) 3 days and (b) 7 
days at ambient temperature. Peaks highlighted are those which were used to calculate the percentage 
conversion and product distribution. A peak assigned to methanol was detected, which originated 
from methanol residues in the HCP. Additional breakdown product at 3.9 ppm indicated on spectra 
(*). 
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Fig. A5.11 1H NMR spectra obtained in CD3CN for testing of the A26 resin against CEES using 
3 equivalents hydroxide after (a) 7 days and (b) 14 days at ambient temperature.  
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Fig. A5.12 TGA plot for the Amberlite IRN-78 resin, from supplier (wet). 

 

Fig. A5.13 1H NMR spectrum obtained in CD3CN for testing of the dried A26 resin against CEES, 
using 3 equivalents hydroxide after 3 days at ambient temperature. Additional breakdown product 
from the triplet at 4.25 ppm indicated on spectra (*). 
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Fig. A5.14 1H NMR spectrum obtained in CD3CN for testing of the dried A26 resin against CEES, 
using 3 equivalents hydroxide after 3 days at 40 °C. Additional breakdown product from the 
triplet at 4.25 ppm indicated on spectra (*). Trimethylamine (NMe3) occurred from the A26 
resin.   

 

Fig. A5.15 1H NMR spectrum obtained in CD3CN for testing of the dried A26 resin, which had been 
hydrated, against CEES, using 3 equivalents hydroxide, after 3 days at ambient temperature. 
Additional breakdown product from the triplet at 4.25 ppm indicated on spectra (*).  
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Fig. A5.16 1H NMR spectrum obtained in CD3CN for testing of the dried A26 resin, with 50 wt% 
water added, against CEES, using 3 equivalents hydroxide, after 3 days at ambient temperature. 
Additional breakdown product from the triplet at 4.25 ppm indicated on spectra (*).  

 

Fig. A5.17 1H NMR spectrum obtained in CD3CN for testing of the dried A26 resin, with 70 wt% 
water added, against CEES, using 3 equivalents hydroxide, after 3 days at ambient temperature. 
Additional breakdown product from the triplet at 4.25 ppm indicated on spectra (*).   
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Fig. A5.18 1H NMR spectrum obtained in CD3CN for testing of grafted PAF-1, dried, using 
3 equivalents hydroxide after 3 days at ambient temperature. Additional breakdown product from 
the triplet at 4.25 ppm indicated on spectra (*).  

 

Fig. A5.19 1H NMR spectrum obtained in CD3CN for testing of grafted PAF-1, as synthesised (wet), 
using 3 equivalents hydroxide after 3 days at ambient temperature. 
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Fig. A5.20 1H NMR spectrum obtained in CD3CN for testing of grafted PAF-1, hydrated, using 
3 equivalents hydroxide, after 3 days at ambient temperature. 

 

Fig. A5.21 1H NMR spectrum obtained in CD3CN for testing of grafted TPB HCP, Wet form, using 
3 equivalents hydroxide after 3 days at ambient temperature. Additional breakdown products 
indicated on spectra (*). Water solvent suppression ran on NMR sample.  
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Fig. A5.22 1H NMR spectrum obtained in CD3CN for testing of grafted TPB HCP, Wet form, using 
3 equivalents hydroxide after 7 days at ambient temperature. Additional breakdown products 
indicated on spectra (*).  

 

Fig. A5.23 1H NMR spectrum obtained in CD3CN for testing of grafted TPB HCP, Wet and hydrated 
form, using 3 equivalents hydroxide after 3 days at ambient temperature. Additional breakdown 
products indicated on spectra (*).  
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Fig. A5.24 1H NMR spectrum obtained in CD3CN for testing of grafted TPB HCP, Wet and hydrated 
form, using 3 equivalents hydroxide, after 7 days at ambient temperature. Additional breakdown 
products indicated on spectra (*).  Water solvent suppression ran on NMR sample.  

 

Fig. A5.25 1H NMR spectrum obtained in CD3CN for testing of the 33 wt% HCP (hydrated)-A26 
mix, using the HCP derived from TPB, using 3 equivalents of hydroxide, after 3 days at ambient 
temperature. Additional breakdown product indicated on spectra (*). A peak assigned to 
methanol was detected, which originated from methanol residues in the HCP.    
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Fig. A5.26 1H NMR spectrum obtained in CD3CN for testing of the 33 wt% HCP (hydrated)-A26 
mix, using the HCP derived from TPB, using 3 equivalents of hydroxide, after 7 days at ambient 
temperature. Additional breakdown product indicated on spectra (*). A peak assigned to methanol 
was detected, which originated from methanol residues in the HCP.    

 

Fig. A5.27 1H NMR spectrum obtained in CD3CN for testing of the 33 wt% HCP (+ 33 wt% water)-
A26 mix, using the HCP derived from TPB, using 3 equivalents of hydroxide, after 3 days at ambient 
temperature. Additional breakdown product indicated on spectra (*). A peak assigned to methanol 
was detected, which originated from methanol residues in the HCP.   
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Fig. A5.28 1H NMR spectrum obtained in CD3CN for testing of the 33 wt% HCP (+ 33 wt% water)-
A26 mix, using the HCP derived from TPB, using 3 equivalents of hydroxide, after 7 days at ambient 
temperature. Additional breakdown product indicated on spectra (*). A peak assigned to methanol 
was detected, which originated from methanol residues in the HCP.  

 

Fig. A5.29 1H NMR spectrum obtained in CD3CN for testing of the 33 wt% HCP (+ 66 wt% water)-
A26 mix, using the HCP derived from TPB, using 3 equivalents of hydroxide, after 3 days at ambient 
temperature. Additional breakdown product indicated on spectra (*). A peak assigned to methanol 
was detected, which originated from methanol residues in the HCP.  
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Fig. A5.30 1H NMR spectrum obtained in CD3CN for testing of the A26–AC (33 wt%) mix using 
activated carbon. Testing carried out using 3 equivalents hydroxide after 3 days at ambient 
temperature. Additional breakdown product indicated on spectra (*).  

 

Fig. A5.31 1H NMR spectrum obtained in CD3CN for testing of the A26–AC (33 wt%) mix using 
activated carbon. Testing carried out using 3 equivalents hydroxide after 7 days at ambient 
temperature. Additional breakdown product indicated on spectra (*).  
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Fig. A5.32 1H NMR spectra obtained in CD3CN for testing of the A26–HCP mix, prepared using the 
TPB HCP, against HD after 3 and 7 days at ambient temperature. A peak assigned to methanol was 
detected, which originated from methanol residues in the HCP.  

 

Fig. A5.33 1H NMR spectra obtained in CD3CN for testing of the A26–HCP mix, prepared using the 
hydrated form of the TPB HCP, against HD after 3 and 7 days at ambient temperature. A peak 
assigned to methanol was detected, which originated from methanol residues in the HCP.  
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Fig. A5.34 1H NMR spectrum obtained in CD3CN for testing of the A26 resin, using 6 equivalents of 
hydroxide, against CEES after 3 days at ambient temperature.  
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6.1 Conclusions 
 

Throughout this work, the focus was on the design of materials to allow for the 

immobilisation and destruction of CWA stockpiles.  

In Chapter 2, HCPs were shown as potential candidates to allow for the immobilisation of 

CWAs. The polymers were assessed to determine their uptake capacity and were found to be 

effective in a range of liquid CWA simulants and CWAs including GB, VX, and HD. 

Compared to other materials including activated carbon, CMP-1, and molecular sieves, the 

HCPs possessed a much greater uptake capacity for the CWA simulants. This was ascribed to 

the higher swelling of the HCP networks compared to the other materials. The uptake of 

liquid CWA simulants by HCPs was shown to be largely independent of the liquid’s 

properties, making HCPs attractive candidates as universal sorbent materials, trapping the 

liquid agent and thereby reducing the risk of exposure. In addition, HCPs represent a class of 

sorbents that are produced using a facile and tuneable “knitting” procedure. Their chemical 

and thermal stability, scalability, and the ability to functionalise the network in a facile 

manner are all attractive features HCPs possess, giving them the edge over other materials 

which could potentially be used as sorbents.  

The chemical decontamination of CWAs was investigated in Chapter 3. Screening of a range 

of nitrogen bases for the hydrolysis of the nerve agent simulant methyl paraoxon (MP) saw a 

change in the rate and breakdown product distribution depending on the nature of the base 

and conditions (amount of base and water) used for the hydrolysis. 1,1,3,3-

Tetramethylguanidine (TMG) was chosen as one of the more successful bases from the 

screen to combine into HCPs. While HCPs containing TMG were synthesised, the loss of 

porosity with high TMG loadings-beneficial for breakdown yet undesirable for the porosity 

and uptake capacity of the HCP, hindered this approach. In addition, the large amounts of 

water required to allow for breakdown in combination with the TMG–HCPs limited the 

practical application of the polymers.   

Following this, in Chapter 4, hydroxide-containing porous organic polymers were synthesised 

by grafting trimethylammonium hydroxide via a post-synthetic modification of the polymer. 

This resulted in porous hydroxide containing polymers which were effective for the 

breakdown of MP after 3 days at 60 °C, without the need to add water to the breakdown 

mixture. While the grafted HCPs were effective at the higher temperature of 60 °C, their 
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performance for breakdown of MP at ambient temperature was much lower. This was a 

similar case for the two conventional resins, Amberlyst A26 and Amberlite IRN-78, against 

MP. The A26 resin did however display a good performance against GB after 3 days at 

ambient temperature. In addition, the A26 resin was effective for the breakdown of HD at 

ambient temperature.  

In Chapter 5 the breakdown of HD was targeted using the grafted hydroxide containing 

polymers. The conventional resins showed a much greater performance for the breakdown of 

the HD simulant, CEES, compared to the grafted HCPs. This was investigated in more detail 

and found to be due to a combination of the higher water content and higher IEC of the resins 

compared to the grafted HCPs. The learning from this was used to improve the breakdown of 

CEES at ambient temperature using the grafted HCPs. Increasing the IEC in line to the 

capacity obtained for the resins was achieved by grafting PAF-1. The higher IEC of grafted 

PAF-1, along with incorporating water into the as-synthesised wet form of the grafted 

polymer significantly improved the polymers performance for the breakdown of CEES at 

ambient temperature. The positive effect of incorporating water into the polymers was then 

used for the grafted HCP derived from 1,3,5-triphenylbenzene (TPB). This showed whilst the 

IEC for this polymer was much lower compared to the A26 resin, the high water content 

achieved by hydration of the grafted HCP led to an enhancement in the breakdown of CEES, 

compared to testing the original as-synthesised dried forms of the grafted HCPs against 

CEES. The benefit of water for the breakdown of CEES was also seen when hydrating the 

HCP in the A26–HCP blends prepared. The incorporation of water into the grafted HCP or 

HCP in the mix with A26 could also benefit the breakdown product distribution, favouring 

production of the HP over other products formed when testing the grafted HCPs in their dried 

form. As for the nitrogen bases tested against MP, the water content in the polymers for 

CEES breakdown had a large impact on the product distribution. Despite incorporating water 

into the grafted HCPs to enhance the CEES breakdown conversion, the breakdown product 

distribution failed to match that obtained when using the A26 resin. 

Breakdown product selectivity has been a real challenge throughout this work. While the 

priority of the project was to optimise the breakdown conversion, the product distribution 

must also be considered. The aim with the product distribution was to achieve breakdown to 

the expected non-toxic products and also breakdown to what other systems reported in the 

literature achieve. For instance, MOFs are able to breakdown CWAs and simulants to 

produce exclusively the desired product(s).1-5 Achieving this with polymers proved difficult 
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for MP and CEES. Breakdown product selectivity is an area where, currently, MOFs seem to 

outperform HCPs. Well-defined pores in zirconium based MOFs, enabling easy access of 

agents to the active sites (metal clusters) which mimic the active site of the 

phosphotriesterase enzyme can enhance the breakdown selectivity in MOFs.  

However, HCPs do possess many advantages over inorganic materials such as MOFs, with 

HCPs being synthesised from relatively cheap starting materials using facile synthesis 

methods to help enhance scalability. This project has focused on decontamination of CWAs 

in a different way to many other systems reported recently in the literature, whereby systems 

are designed for personal protective applications, for instance in spill kits or gas masks. As 

shown in this project, the stockpile destruction of CWAs may be best achieved using a 

combination of a HCP, which possesses a high uptake capacity, alongside a hydroxide resin, 

such as the A26 resin. Two-component systems of this type could then achieve the physical 

(immobilisation) and chemical (destruction) decontamination of CWA stockpiles, under 

practically relevant conditions. This is perhaps the single most important lesson to be drawn 

from this study.  

 

6.2 Future Work  
 

The future directions for this project would be to focus more on real agent testing. The work 

highlighted in Chapter 5 showed the differences which can exist in the breakdown of the 

simulant (CEES) compared to the real agent (HD), with water enhancing CEES breakdown 

compared to the reverse for HD breakdown. More research into tailoring the hydroxide 

containing polymers/resins for the breakdown of HD would also be desirable. Unlike with 

CEES breakdown, this could not be achieved by increasing the amount of water in the 

polymer. Increasing the equivalents of hydroxide (from the resin) that were tested against HD 

resulted in an increase in the amount of water (from the resin) and this may have hindered the 

conversion. Hence, as a way to improve the breakdown conversion for HD, it may be useful 

to test HD against a higher number of hydroxide equivalents in the resin, without increasing 

the amount of water. Such a breakdown system could be achieved using some of the 

hydroxide polymers already synthesised in this section, including the dried form of the A26 

resin or the as-synthesised dried grafted PAF-1. Both of these polymers possess a high IEC, 

yet low water content, compared to testing the A26 resin (wet) against HD. It would also be 
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interesting to see if the breakdown materials synthesised for CEES breakdown such as the 

hydrated form of the HCP–A26 mix could be useful for the breakdown of other blister agents 

and/or toxic substrates which display similar or greater water solubility compared to CEES. 

Such compounds may have an enhanced breakdown compared to HD.  

As shown at the end of Chapter 4, sodium hydroxide HCP blended polymers could be 

synthesised, which could achieve much higher IECs compared to the grafted HCPs. In 

addition to these polymers displaying complete conversion of MP within 3 days at ambient 

temperature to exclusively DMP; the blended polymers also retained a good uptake capacity. 

It would therefore be worth testing these polymers against nerve agents (GB and VX) and the 

blister agent (HD).  
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