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Abstract 
 
The thesis describes the development of new and improved methods for analyzing 
degradation markers from organophosphorus Chemical Warfare Agents (CWAs).  
 

Paper I and II describes an innovative and significantly improved method for 
the enrichment, derivatization (trimethysilylation) and GC-MS analysis of a broad 
range of organophosphorus CWAs degradation markers, namely the 
alkylphosphonic acids and a zwitterionic compound. That was achieved using solid 
phase disc extraction in combination with solid phase derivatization. The new 
method overcomes most limitations observed with existing techniques: it offers 
almost 100 % recoveries, requires no elution or evaporation steps, facilitates 
miniaturization of the solid sorbent and reagent, is compatible with in-vial 
derivatization, and minimizes the chromatographic background due to the use of a 
highly selective anion exchange sorbent disc.  

 
Paper III describes the development of new fluorinated diazomethane 

derivatization reagents and their evaluation for rapid and high sensitivity screening 
and identification of nerve agent degradation markers. The reagents are water-
tolerant to some extent, which simplifies the derivatization step. The best reagent 
identified was 3,5-bis(trifluoromethyl)benzyl diazomethane, which outperformed the 
other reagent isomers tested and also the established commercial alternative, 
pentafluorobenzylbromide, allowing for the rapid (5 min) and direct derivatization 
of a 25 µL aqueous sample in acetonitrile. The spectra of the formed derivatives 
(high-energy collision induced fragmentation MS/MS) were used to construct a 
database (Paper IV) that proved to be superior in terms of match factor and 
probability compared to EI data gathered for trimethylsilyl derivatives. The study 
also focused on efforts towards achieving detailed structure information on the alkyl 
chains of the compounds in question using diagnostic ion interpretation.  

 
The final paper (paper V) describes the first rapid direct derivatization method 

for analyzing nerve agent metabolites in urine at trace levels. The method is based 
on the derivative from the paper III and the unambiguous identification was proven 
using a combination of low resolution and high resolution negative ion chemical 
ionization selected ion monitoring techniques.  

 
Novel results presented in these papers include: the first in-situ derivatization of 

alkylphosphonic acids on an SPE disc; the first direct derivatization of nerve agent 
markers in water and biomedical samples; the first high sensitivity GC-MS 
screening for these markers; and the first highly reproducible high-energy isomer 
specific CID MS/MS library. Overall, the results presented in this thesis represent 
significant contributions to the analysis of nerve agent degradation products. 
 
 
Keywords 
Nerve agents, Alkyl alkylphosphonic acids, Solid phase derivatization, Fluorinated 
diazomethane reagent, High-energy collision induced dissociation, CID MS/MS 
library 



viii 
 

List of Papers 
 
I R. Subramaniam, C. Åstot, C. Nilsson, A. Östin. Combination of Solid Phase 

Extraction and in vial Solid Phase Derivatization using a Strong Anion 
Exchange Disk for the Determination of Nerve Agent Markers. J. Chrom. A 
2009, 1216, 8452-8459. 

 
II  R. Subramaniam, C. Åstot, L. Juhlin, C. Nilsson, A. Östin. Determination of 

S-2-(N,N-diisopropylaminoethyl)- and S-2-(N,N-diethylaminoethyl) 
methylphosphonothiolate, Nerve Agent Markers, in Water Samples using 
Strong Anion-Exchange Disk Extraction, in vial Trimethylsilylation, and Gas 
Chromatography–Mass Spectrometry Analysis. J. Chrom. A. 2012, 1229, 86-
94. 

 
III R. Subramaniam, C. Åstot, L. Juhlin, C. Nilsson, A. Östin. Direct 

Derivatization and Rapid GC-MS Screening of Nerve Agent Markers in 
Aqueous Samples. Anal. Chem. 2010, 82, 7452-7459. 

 
IV R. Subramaniam, A. Östin, Y. Nygren, L. Juhlin, C. Nilsson, C. Åstot. An 

Isomer-Specific High-Energy Collision-Induced Dissociation MS/MS 
Database for Forensic Applications: A Proof-of-Concept on Chemical 
Warfare Agent Markers. J. Mass Spectrom. 2011, 46, 917-924. 

 
V R. Subramaniam, A. Östin, C. Nilsson, C. Åstot. Direct Derivatization and 

Trace Determination of Nerve Agent Biomarkers in Urine. Manuscript, 2012. 
 
Published articles are reproduced with the kind permission from Elsevier (Paper I, 
II), American Chemical Society (Paper III), and John Wiley and sons (Paper IV) 
 
Co-authorship of papers 
 
The bulk of this research, including planning, execution and evaluation of 
experiments and writing was performed by me. We have followed the standard 
ethical norm and taken the position to include all individuals who have collaborated 
in the research. In this instance, Dr. Lars Juhlin, who synthesized the references 
chemicals and reagents utilized in the research and Dr. Yvonne Nygren, who 
contributed her previous work on high energy CID using electrospray ionization.  
 
Research Director Calle Nilsson was my main supervisor on this project. Dr. Crister 
Åstot was the technical lead for the high energy CID and biomedical research and 
acted as my supporting supervisor. Dr. Anders Östin, was the technical lead for the 
disc SPE and derivatization research and acted as my second supporting supervisor. 
Most of the listed co-authors have reviewed and given recommendations on the 
corresponding manuscripts.  
 



ix 
 

Abbreviations 
 
APAs  Alkyl alkylphosphonic acids  
BSTFA+1 %TMCS  N,O-Bis(trimethylsilyl)trifluoroacetamide with 1 % 

trimethylchlorosilane 
CWC  Chemical weapons convention 
CI  Chemical ionization 
CID  Collision induced dissociation 
CRF  Charge remote fragmentation 
CDF  Charge driven fragmentation 
CWAs  Chemical warfare agents 
EI  Electron ionization 
EMPA  Ethyl methylphosphonic acid 
EA  Edgewood Arsenal 
EA-2192  S-2-(N,N-diisopropylaminoethyl) methylphosphonothiolate 
EMPTA  O-Ethyl methylphosphonothioic acid   
GC  Gas chromatography 
GC-MS  Gas chromatography mass spectrometry 
HE CID  High-energy collision induced dissociation 
HRSIM  High resolution selected ion monitoring 
LRSIM  Low resolution selected ion monitoring 
MPA  Methylphosphonic acid 
MS/MS  Tandem mass spectrometry 
NICI  Negative ion chemical ionization 
PPA  Propylphosphonic acid 
PICI  Positive ion chemical ionization 
PFBBr  Pentafluorobenzyl bromide 
PT  Proficiency test 
REA  S-2-(N,N-diethylaminoethyl) methylphosphonothiolate 
RVX  O-Isobutyl S-2-diethylaminoethyl methylphosphonothiolate 
SAX  Strong anion exchange 
SPD  Solid phase derivatization 
SPME  Solid phase micro extraction 
TOF  Time-of-flight 
OPCW  Organization for the Prohibition of Chemical Weapons 
OCAD  OPCW central analytical database 
VX  O-Ethyl S-2-diisopropylaminoethyl methylphosphonothiolate 
WMD  Weapon of Mass Destruction 
  



x 
 

Table of Contents 
Abstract of Dissertation vii 
List of published articles viii 
Co-authorship of papers viii 
Abbreviations ix 
1. Introduction 1 

1.1. The Chemical Weapons Convention and Organization for 2 
the Prohibitions of Chemical Weapons 

1.2. Overview of analytical methods and key analytical challenges 4 
1.3. Thesis research objectives 7 

2. Multivariate data analysis and method optimization 9  
2.1. Multivariate data analysis 10 
2.2. Method optimization using Design of Experiment 11 

3. Solid phase extraction chemistry 16 
3.1. Introduction 16 
3.2. Properties of anion exchange 18 
3.3. Solid phase extraction in combination with 21 

solid phase derivatization 
3.4. Zwitterionic compound EA-2192 22 
3.5. The mechanism of the solid phase derivatization reaction 25 
3.6. Storage and transportation of sample on dry discs 25 

4. Derivatization 26 
4.1. Introduction 26 
4.2. Selection of a derivatizing reagent 28 
4.3. Electron affinity 28 
4.4. New reagents for direct derivatization 29 
4.5. Direct derivatization of APAs in urine 33 

5. Mass Spectrometry 34 
5.1. Introduction 34 
5.2. Analytical applications - OPCW identification criteria, 34 

selectivity and sensitivity 
5.3. High-energy collision induced dissociation tandem MS 36 
5.4. Sample introduction and ionization 41 
5.5. Mechanism 41 
5.6. A new mechanistic proposal for the formation of ‘C ions from 44 

branching isomers 
5.7. Closely related isomers 45 
5.8. High-energy CID library 46 

6. Conclusions and future research 48 
7. Acknowledgments 50 
8. References 52 
9. Papers I-V 

 



1 
 

1. Introduction 
 
Chemical warfare agents (CWAs) have long been considered a “poor man’s atomic 
bomb”.[1] CWAs are relatively cheap compared to other weapons of mass 
destruction (WMD) and their terrifying effects are devastating to morale, potentially 
allowing their users to accomplish their objectives without destruction of buildings, 
equipment or land.[2] In addition, the limited ability of antiterrorist groups to detect 
them, combined with the low technology required to produce many of these 
chemicals and the overall efficiency of such warfare make them an ideal weapon for 
terrorists. The potential for use of chemical warfare agents is real and they could be 
to various ends, including causing mass casualties, warfare, terrorism, assassination, 
deterrence, or special purposes. The use of chemical warfare dates back to ancient 
Greece (5th century B.C.).[3] In more modern times, chemical weapons were used 
in both WW1 and WW2, causing mass casualties.[2, 3] During the Iran-Iraq war of 
1980 [4], the blister agent sulfur mustard and the nerve agent tabun were used by 
Iraq as deterrents. In addition, they have been used by terrorist groups, most notably 
during the Tokyo subway station attack in 1995 [5, 6] and in Iraq following the US 
occupation. The first attempted use of CWAs in Sweden was reported in the city of 
Helsingborg in 1993 and involved illegal production and possession of a chlorinated 
variant of a nerve agent and sulfur mustard by a local criminal. An illustrative 
special purpose application of CWAs was the deployment of an unknown 
incapacitating agent by Russian Special Forces in 2002 against a group of Chechen 
terrorists who had taken hostages in a theater. The agent was later found to be a 
potent derivative of fentanyl, which is used in anesthesia.[7] 
 
The CWAs are divided into several types based on their biological effects in human; 
nerve agents, vesicants, blood agents, pulmonary agents and incapacitating agents. 
Most known CWAs fall into one of these five classes, but the scheme is not 
comprehensive. As the most widely used group of CWAs, nerve agents were the 
primary focus of the studies reported in this thesis. There are two main groups of 
nerve agents, G and V agents.[8] G agents are typically volatile and cause death by 
inhalation whereas V agents are much more persistent and can be absorbed through 
the skin. The most lethal nerve agents are a V agent, VX, and three G agents, sarin, 
tabun and soman.[2] The available evidence suggests that the active agents are 
highly unstable in the environment and hydrolyze rapidly to produce polar acidic 
alkylphosphonic acids (APAs; see Fig. 1). Because APAs are rare in nature and have 
few industrial applications, they are useful biomarkers for exposure to nerve agents 
and play an important role as forensic markers for verifying the use or presence of 
CWAs. To facilitate chromatography and impart properties beneficial for detection, 
they are typically derivatized prior to further analysis.  
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Fig. 1. General hydrolysis pathways of nerve agents. R= CH3, C2H5, i-C3H7, n-C3H7; R1= C1-

C10 alkyl and cycloalkyl; X= F, or SCH2CH2N(R)2. 
 
1.1 The Chemical Weapons Convention and Organization for the  
Prohibitions of Chemical Weapons 
 
The Chemical Weapons Convention (CWC), which came into force in 1997, 
prohibits the development, production, stockpiling and use of chemical weapons.[9] 
As of the year 2011, this international disarmament treaty had been signed by 188 
countries (state parties), representing 98 % of the world’s population. It requires 
state parties to destroy any existing chemical munitions and agent stockpiles. 
Chemicals considered as chemicals weapon agents and their precursors are listed in 
an Annex to the CWC under schedules 1, 2 and 3 (see examples in Table 1) with 
those listed under schedule 1 posing the greatest risk or toxicity. Schedule 1 
chemical lists accounted for chemicals that are produced and stockpiled as chemical 
weapons and selected precursors with comparable toxicity. The total number of 
schedule 1 chemicals is estimated to exceed 1 million including possible isomers. 
Schedule 2 contains less toxic CWAs and precursors for the synthesis of Schedule 1 
compounds. The number of chemicals that could possibly fall under schedule 2 is 
unlimited in theory due to the open nature of the group structure as defined in 
schedule 2.B.4. Schedule 3 lists dual purpose chemicals that have industrial and 
commercial applications and that could be used for developing chemical weapons. 
 
An important feature of the CWC is that it requires a system for verifying 
compliance. This is implemented by the convention supervising body - the 
Organization for the Prohibition of Chemical Weapons (OPCW).[9] A key objective 
of the OPCW is to ensure that the legal prohibitions based on the Convention are 
comprehensive enough to extend the reach of verification to all scheduled chemicals 
and new means and methods of production and to prevent their re-emergence. The 
OPCW also monitors the competence of laboratories and other national agencies 
tasked with verifying the presence and destruction of chemical weapons, and only 
laboratories that have passed annual proficiency tests are designated by OPCW. 
These OPCW-designated laboratories are the lynchpin of the OPCW verification 
regime and of their respective countries. The designated laboratories are able to 
analyze samples collected during inspections of former CWAs production or storage 
sites as well as production sites for dual-use precursors or other discrete organic 
chemicals. Outside of the work required by the Convention, analysis of CWAs is 
also important in protective research, for example to support trials of equipments 
used for physical protection, detection or decontamination and in analyzing 
stimulants used during CBRNE emergency response exercises.[10]  
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Table 1. Examples of scheduled chemicals listed under the Chemical Weapons Convention. 

Sch. Acronym Structure Chemical name Type 

1 Sarin 

(GB) P

O

O

F

Isopropyl 

methylphosphonofluoridate 

Nerve agent 

1 VX 

 

 
P

O

S

O

N

O-ethyl S-2-

(diisopropylamino)ethyl 

methylphosphonothiolate 

Nerve agent 

2 TDG  

S
OH OH

 

Thiodigycol Precursor of 

sulfur 

mustard 

2 AsCl3 
As

Cl

ClCl Arsenic trichloride Precursor of 

lewisite 

3 TEA N
OH OH

OH

Triethanolamine Precursor of 

nitrogen 

mustard 

3 SOCl2  
S

Cl
Cl

O

Thionyl chloride Precursor of 

nerve agent 

*See references[7, 9]  for complete list 
 
The CWC related chemicals verification regime includes not only off-site 
(designated laboratory) analytical approaches, but also on-site analysis, that is to say 
the use of mobile analytical instruments at an inspection site or an incident site for 
rapid responses to CWA incidents [11]. When faced with an environment that may 
have been rendered hazardous by the presence of chemical warfare agents, it is 
imperative to quickly identify the nature and extent of the hazard in order to take 
appropriate countermeasures. On-site analysis can also be critical for verifying 
declared industrial chemicals and OPCW challenge inspections in which 
transporting samples away from the premises is discouraged due to trade secrets or 
regulatory requirements.[12] The advent of OPCW on-site GC-MS laboratory 
capacity represents a major milestone in this area.[7] It is therefore not surprising 
that the development of methods for on-site analysis is proceeding rapidly in parallel 
with that for off-site techniques.  
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1.2 Overview of analytical methods and key analytical challenges 
 
The official compendia of analytical methods for CWC related chemicals are known 
as the Blue Books [13] and were first established in 1994 based on four international 
comparative inter-laboratory tests for verifying chemicals associated with chemical 
weapons disarmament. The methods were primarily relied on solvent-solvent 
extraction and concentration techniques. The twentieth century saw an 
unprecedented quest for new and improved analytical methods for identifying CWC 
related chemicals, mainly driven by the ever-increasing sensitivity of analytical 
instruments (for both chromatography and mass spectrometry) and the introduction 
of new sample preparation techniques. In particular, the development of new 
derivatization reagents and solid phase extraction (SPE) techniques has played a 
major role.[5, 10, 14-16] This evolution has significantly increased the simplicity 
and sensitivity of the methods used. The most effective methods known at present 
are listed as recommended operating procedures for CWC related chemicals in the 
current edition of the Blue Book (2011) [7].  
 
Because CWC related chemicals vary widely in terms of volatility and polarity and 
often do not contain chromophores, many different procedures have been developed 
for handling samples containing them and for their analytical separation and 
detection [5, 7]. Moreover, the complex composition of typical CWA-containing 
matrices and the high toxicity of the target analytes necessitate the use of special 
precautions. In addition, these chemicals have to be identified or verified in a great 
variety of sample matrices, at sub-ppb or ppm concentrations and with high 
accuracy due to the stringent legal requirements regarding their handling, as well as 
for political reasons and to assist decision making regarding decontamination and 
emergency responses. Moreover the nature of any analytical strategies that are 
adopted will depend on the goal pursued. For example, the situation may call for an 
on-site or off-site approach, qualitative or quantitative analyses, a specific or 
universal method, and the goal may be screening or unambiguous identification. 
Finally, the availability of analytical instruments must also be considered. While the 
speed and accuracy of on-site chemical analysis is steadily improving [17], sample 
preparation for on-site analysis usually involves making several compromises. 
Restrictions in the selection and operation of the sample preparation equipment and 
issues related to logistics/transport of the laboratory equipment impose certain 
limitations.[12] For example, current sample preparation procedures for aqueous 
samples involve vacuum evaporation of water with a centrifugal evaporator 
followed by derivatization. This is time consuming and requires the availability of a 
large space, which may be an unaffordable luxury at an on-site laboratory. The use 
of some derivatization reagents (e.g. diazomethane) is discouraged at on-site 
facilities due to their explosive nature. Finally, limitations in on-site storage capacity 
restrict the scope for developing on-site procedures that are complementary to or 
better than the off-site alternatives.  
 
All of these issues have been handled by designated laboratories using the following 
common analytical strategies. First, sample preparation is performed prior to 
analysis. Proper sample preparation is critical since the real sample may contain low 
concentrations of CWAs, precursors, starting materials, analogues, analytical 
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artefacts, degradation products and reaction products masked by hundreds or 
thousands of irrelevant chemicals that are present at higher concentrations. Typical 
interfering compounds that have been deliberately spiked into OPCW PT samples to 
simulate real samples include hydrocarbons, high boiling point polyethylene glycols, 
pesticides and inorganic salts. Normally, a sample is divided into sub-samples, 
which are prepared to recover chemicals of different polarities and/or for use in 
different (complementary) analytical methods. The universal sample preparation 
techniques of evaporation-solvent exchange and solvent-solvent extraction are 
widely used but suffer from poor recovery and selectivity in some cases. Solid phase 
extraction (SPE) is most widely used method in the current literature for preparing 
CWA samples and is often complemented by other emerging techniques such as 
liquid/solid phase micro-extraction, single drop micro-extraction and disc SPE.[7] 
There is ongoing research into new sample preparation techniques in order to cope 
with the growing complexity of OPCW proficiency test samples and in situations 
where sample preparation is a limiting factor. In some cases, derivatization is 
required for polar and some highly volatile chemicals to facilitate GC analysis and 
to improve sensitivity and selectivity. For example, derivatization is required for GC 
analysis of the APAs. Although robust derivatization methods are currently 
available for most of the CWAs and polar markers, there is a need for new reagents 
that are suitable for trace analysis and for rapid and selective derivatization.  
 
After sample preparation, multiple chromatography and mass spectrometry 
techniques are used to meet the varying requirements of CWC-related analyses of 
targeted and non-targeted analytes. While it would be possible to give a complete 
accounting of all the CWAs and related chemicals that have been synthesized or 
deployed to date, the potential number of CWC-related chemicals is infinite due to 
the open definition of some CWC schedules. Consequently, the analysis of both 
targeted and non-targeted CWC analytes poses a more challenging analytical task 
than those typically encountered in related fields such as environmental sample 
analysis. Fortunately, most CWC-related chemicals incorporate at least one 
heteroatom (P, S or N) in their structures, which facilitates screening. The methods 
that are most commonly used in screening are GC, GC-MS, LC-MS and NMR.[12] 
GC screening is done using an element-specific detector (NPD, FPD, ECD, or AED) 
together with retention indices based on a series of aliphatic hydrocarbon retention 
standards (C series). A list of retention indices for the C series is available in the 
OPCW Central Analytical Database (OCAD) for comparative purposes. Similarly, 
GC-MS with electron ionization (EI) is used to screen for chemicals that are not 
identified by the selective detectors, such as pinacolyl alcohol and chloropicrin, by 
monitoring ions specific to them. Analogously, LC-MS is used to screen neutral, 
acidic and basic chemicals using both negative and positive ion modes by 
monitoring compound-specific ions. This technique is also useful for direct 
screening of degradation products without derivatization. LC is typically used in 
conjunction with MS and tandem MS with various ionization techniques and 
detection systems. High resolution options are also available, e.g. LC TOF. Tandem 
MS and high resolution MS can provide higher selectivity and sensitivity in 
screening than is possible with other techniques. The sensitivity and reproducibility 
of LC-MS have improved tremendously, to the point that it could potentially 
become a useful complement to GC techniques. NMR is a powerful analytical 
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technique for the direct screening and identification of CWC related chemicals using 
1H, 31P{1H decoupling}, 19F and 13C{1H decoupling}; NMR screening is normally 
performed using 31P{1H decoupling} although 19F spectroscopy is sometimes used. 
Proton NMR (1H) is the most sensitive NMR technique although the sample’s 
background content may increase the complexity of the spectra. Advanced 2D and 
3D NMR spectroscopic techniques have been used by some designated laboratories 
to facilitate the interpretation of CWC-related chemical structures. Less popular but 
newer techniques and instruments such as Fourier Transform Ion Cyclotron 
Resonance (FT-ICR), LC-MS (Orbitrap) and 2D GC have been also evaluated for 
determining CWC-related chemicals.  
 
The OPCW Proficiency Test (PT) criteria (work instruction QDOC/LAB/WI/PT03) 
[9] state that a chemical cannot be considered to have been unambiguously 
identified unless identification was performed using at least two independent 
analytical techniques, with at least one being a spectrometric technique. The 
strategies for identifying CWAs vary depending on the difficulty level of the PT. 
Most designated laboratories use GC-MS with electron impact (EI) and chemical 
ionization (CI) as their main analytical techniques. GC-MS with EI is popular 
because of the growing NIST MS library, which can be used to obtain matches for 
analytes and currently contains spectra for more than 240,000 chemicals. The latest 
CWA-specific spectrum library, OCAD (OPCW Central Analytical Database) 
contains almost 4000 spectra. However, identifying spiked chemicals that are not in 
the MS library requires extensive use of synthesis and analytical instruments. This is 
costly and requires a specialized laboratory and personnel. In some situations, 
different scheduled chemicals can produce very similar GC-MS EI and/or CI 
spectra, meaning that the spectral information and molecular information alone 
cannot provide an unambiguous identification.[7] Evidence for false positives and 
false negatives in PT still persist [12], highlighting the weaknesses of current 
techniques and opportunities for improvement. 
 
In spite of the success of the established strategies, the vast number of compounds 
that have to be tested for (including isomers of known species), there is an ongoing 
need for the development of improved methods. Experience from the annual OPCW 
Proficiency Tests also indicates a demand for better methods to deal with the 
increasing complexity of the samples submitted for analysis.[12, 18] This thesis 
describes an attempt to identify simplified analytical strategies by developing robust 
and sensitive sample preparation and derivatization methods for analysis using the 
common analytical tool, GC-MS. The work also highlights a new approach for 
improving and simplifying the interpretation of spectra for unknown chemicals, 
especially isomeric compounds, using advanced mass spectrometry techniques; this 
is particularly important since the number of CWC-related chemicals could 
potentially be in the millions. Unless scientific progress in this area continues, there 
is a risk that existing techniques will become outdated, making it difficult or 
impossible to respond effectively to the threats posed by chemical weapons in a 
changing world. 
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1.3 Thesis research objectives  
 
The thesis is based on five papers (I-V, Fig. 2). The overall objective of the work 
reported was to develop simplified procedures for preparing, derivatizing, and 
analyzing samples containing nerve agent degradation products. The objectives of 
the individual studies described in each paper are presented in more detail below. 
 
Paper I 
The objective was to develop and validate a solid phase extraction and solid phase 
derivatization method for APAs using a strong anion exchange disc, and to employ 
this method in OPCW proficiency testing and field applications. The new method 
should address the limitations observed with existing methods for APAs analysis 
and simplify sample preparation.  
 

 The study encompassed an investigation into the scope for using a 
miniaturized-anion exchange disc to reduce solvent and sample volumes; 
optimization of the derivatization process using design of experiments; 
assessment of the utility of complete removal of moisture prior to 
derivatization; and the, choice of commercial derivatizing reagents for solid 
phase derivatization, and methods for reducing or eliminating evaporation 
and elution losses and allow direct injection in GC-MS. An additional aim 
was to extend the application of the developed method to various types of 
acidic markers, to validate its robustness towards challenging matrices, to 
its ability to identify analytes present at trace concentrations, and to 
evaluate the suitability of the disc for the storage and transportation of 
APAs. 

 
Paper II 
The objective was to investigate why the highly toxic VX degradation product, EA-
2192, is not successfully silylated in aqueous samples and to develop a new method 
for its silylation and GC-MS analysis. The new method should eliminate current 
problems regarding limits of detection for EA-2192 and simplify sample 
preparation.  
 

 The impact of salt in aqueous samples on the silylation yield of EA-2192 
was investigated. The method development process focused on applying 
the validated method reported in paper I to extract and perform solid phase 
trimethylsilylation of EA-2192. The robustness of the method was 
investigated for selected degradation products of VX and Russian VX in 
environmental samples. 

 
Paper III 
The objective was to design and evaluate new fluorinated phenyldiazomethane 
derivatization reagents for MS analysis of APAs. The new reagents should solve 
present problems related to derivatives’ stability, increase analytical sensitivity, and 
simplify sample preparation.  
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 New reagents were developed and selected to allow rapid direct 
derivatization of APAs in aqueous samples to yield products that are 
detected with high sensitivity via NICI MS. The high NICI sensitivity 
allows for rapid screening of APAs in aqueous samples and, in combination 
with EI and positive ion chemical ionization (PICI), provides unambiguous 
identification of the APAs. The influence of various properties of the tested 
derivatizing agents was investigated, including electron affinity, reactivity, 
selectivity and water tolerance. In addition, the effects of varying 
experimental parameters were considered; the parameters varied were the 
ratio of aqueous samples to organic solvent during direct derivatization, the 
volume of reagent used, and the reaction time at room temperature.  

 
Paper IV 
The objective was to develop a new and highly reproducible high energy CID 
MS/MS method and a corresponding library of spectra for long chain isomers of 
APAs. It was intended that this new high energy CID MS/MS method should be 
sensitive, selective, generate better-resolved spectra than EI MS or low energy CID 
MS/MS, produce highly reproducible MS/MS spectra (which is not possible with 
current MS/MS techniques), facilitate the interpretation of spectra for unknown 
APAs whose structures are related to those of known species, and simplify sample 
preparation.  
 

 Current forensic verification methods for long chain isomeric APAs can be 
very demanding. In this work, high energy CID MS/MS spectra of 
derivative anions (paper III) were generated using a hybrid magnetic sector 
TOF instrument. Fundamental aspects of high energy CID were 
investigated and optimized with the aim of producing unique sets of 
product ions corresponding to sequential C-C cleavage ions for each 
isomer. These include optimization of the high energy CID parameters; 
collision gas pressure, mass of collision gas, collision energy and 
acceleration energy. The study focused on comparing the quality of the 
mass spectra obtained using high energy CID and EI, identifying the 
diagnostic ion for structure interpretation, and proposing hypothetical 
fragmentation mechanisms. Important differences and similarities between 
high energy CID spectra generated using NICI and electrospray were also 
discussed. 

 
Paper V 
The objective was to design and optimize a rapid direct derivatization method for 
biomarkers of nerve agents in urine samples. This new method should solve the 
current problems relating to high limits of detection for biomarkers in single 
quadrupole instruments and allow for the unambiguous identification of biomarkers 
present in urine at trace levels as defined by the OPCW, improve selectivity in 
heavy matrix analysis, and simplify sample preparation.  
 

 Biomarker analysis in urine samples presents unique challenges due to the 
sub-ppb and ppb levels of the target analytes, and the ‘heavy’ sample 
matrix, which contains high levels of salts and organic species. Direct 
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derivatization in such a complex mixture would be highly demanding. By 
promoting the conversion of APAs into their neutral form via acidification 
and by using an optimized reagent volume, direct derivatization in urine 
was achieved. To enhance sensitivity, NICI was used. The selectivity and 
sensitivity of low- and high-resolution selected ion monitoring were 
compared.  

 

 
 

Fig. 2. The research areas investigated in this thesis. 
 
2. Multivariate Data Analysis and Method Optimization  
 
This chapter describes the application of chemometric methods (multivariate data 
analysis and experimental design) in the different stages of the method development 
process. Multivariate data analysis was used to profile and classify the complex 
dataset of spectra discussed in Paper IV. Examples of their applications are 
provided. An experimental design was used to screen and optimize analytical 
processes (Paper I, III, V), considering the advantage that less experiments are 
needed. These tools were also used to assess the statistical significance of the 
independent variables and the interactions between variables.  
 
 
 
  

Sample 
preparation

Derivatization

Mass 
Spectrometry

Paper IV. Isomer specific high energy CID 
MS/MS searchable library and diagnostic ion 
for structure interpretation

Paper III, V. New derivatizing reagent 
(flourinatedbenzyl diazomethane) for 
direct derivatization and high sensitivity 
screening  

Paper I, II.   Solid phase 
extraction disk in 
combination of solid phase 
derivatization



10 
 

2.1 Multivariate data analysis 
 
Multivariate data analysis techniques, e.g. principal component analysis (PCA), 
multiple linear regression (MLR), and partial least squares projections to latent 
structures (PLS) are used to analyze and summarize data matrices.[19] PCA is used 
to summarize complex multidimensional datasets with many variables (experimental 
factors) by defining a reduced number of new latent variables known as principal 
components (PCs) that contain most of the information (i.e. the variability) in the 
data set. In addition, these latent variables can also be used for classification and to 
perform discriminant analysis, to model relationships between variables, to generate 
control charts and to predict the properties of unknown compounds.[20] PCA is a 
multivariate projection technique that is specifically designed to extract the 
systematic variation from large data sets and to provide a graphical overview of the 
data set with respect to all variables and observations (samples) simultaneously.[21] 
PCA thus simplifies data interpretation and visualization. The PCA algorithm is 
defined in such a way that the first principal component capture the greatest possible 
fraction of the total variation in the data and each succeeding component in turn 
captures the greatest possible fraction of the remaining variance, subject to the 
constraint that it must be orthogonal to (i.e. uncorrelated with) the preceding 
components. Theoretically, the new coordinates are generated by projecting the 
variables onto a lower dimensional model plane. The new coordinates are known as 
the scores and are denoted by t. They are created as weighted linear combinations of 
the original variables, with each observation having a t-value. Each t-value has a 
loading value, denoted by p, which represents the magnitude and correlation of the 
variables’ contribution to the scores. PCA results are presented as scores and 
loadings, which can be superimposed on one-another and evaluated together. Score 
plots provide a map of the relationships between observations while the loading plot 
(variables) explains the pattern seen in the score plot. Observations situated close 
together in the score plot are closely related and vice versa. An observation that 
deviates strongly from the average distribution may be an outlier. MLR and PLS 
techniques are similar to PCA in that they are variable reduction methods. However, 
PLS and MLR techniques are regression-based techniques for relating two data 
matrices (X and Y) to one-another. MLR is useful for designed data sets and cases 
where one need only consider one response at a time. PLS can be used both for 
designed data and non designed data and can handle multiple responses. 
 
In paper IV, PCA is used to study high energy CID spectral data on the 12 isomers 
of some hexyl methylphosphonic acid derivatives in order to (i) to determine the 
uniqueness of each spectrum (resolution), (ii) identify correlations between the 12 
isomers in order to predict the identity of unknown structures (iii) to determine the 
reproducibility of the spectra and (iv) to discover outliers (observations or variables) 
that may need further investigation. Figure 3 (score plot) displays the relationships 
between every isomers studied in this work. Isomers contributing similar 
information (types of ions and intensity) are grouped together. Isomers R7 (1,2-
dimethylbutyl methylphosphonic) and R9 (1-methyl-2,2-dimethylpropyl methyl-
phosphonic) are examples of two observations that behave differently from the 
average, as demonstrated  by their separation from the other observations. This 
suggests that these two isomers exhibit a sudden shift in the spectral data in term of 
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the ions observed and their intensity relative to the other isomers considered. 
Deviations of this kind appear to relate to the structural similarity of these two 
isomers, both of which have methyl branching at two adjacent carbons. This 
observation is addressed in the chapter on mass spectrometry (section 5.6, a new 
mechanistic proposal for the formation of ‘C ions from branching isomers).  
 

 
 
Fig. 3. Principal component (PC) analysis; (Left panel) Score plot for PC1 Vs PC2, 
explaining 57 % of the variation, (Right panel) Score plot for PC1 Vs PC3.  
 
2.2 Method optimization using Design of Experiment 
 
In a classical optimization approach, only one variable is altered while maintaining 
all other parameters constant. This type of univariate optimization strategy generates 
a large number of experiments but fails to account for interactions between 
experimental parameters.[21-23] In addition, the risk of missing the true optimum in 
a process is considerable. A better approach for optimizing analytical parameters is 
to use chemometric methods via a designed series of experiments (DOE).[22] A 
design is a representative selection of points (experimental runs) in the domain 
defined by the factors (variables) and their intervals. DOE defines a method for 
planning and conducting experiments in a way that extracts the maximum possible 
amount of information using a minimum of experimental runs. The basic idea is to 
vary all of the relevant variables simultaneously over a set of planned experiments 
that will account not only for the effect of the variables as such but also for 
interactions between the variables, and to then connect the results using an 
appropriate mathematical model. The model can then be used for further 
interpretation, optimization and predictions.[22] DOE can also be used to estimate 
systematic and unsystematic variability and provide a reliable map of the 
investigated system.  
 
The following steps are considered essential in the conduct of a straightforward 
DOE [24]: (i) define the problem and select appropriate variables and responses, (ii) 
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select the objectives i.e. screening, optimization and/or robustness; (iii) select a 
design and model, (iv) perform the planned experiments, (v) enter the results 
(responses), (vi) normalize the data, (vii) fit the data to the mathematical model, 
(viii) analyze the model and effect estimates, and (ix) predict optimum ranges. The 
definition of the problem correlates to the steps in the sample preparation. The 
objective of carrying out problem formulation is to make the intentions 
underpinning the experimental investigation entirely clear. For instance, in paper 
III, the goals were to perform a rapid direct derivatization of an aqueous sample in a 
way that gives good derivatization yields for different types of APAs. Such goals are 
highly demanding for an analytical method and the final result reflects a 
compromise between the conflicting goals. In reality, most reported attempts to 
perform direct derivatization using commercial reagents suffer from high losses, 
long extraction and derivatization times, multiple sample preparation steps, excess 
consumption of reagent and low repeatability.  
 
In general, both qualitative and quantitative variables can be selected for DOE. The 
use of more than one response is important when evaluating the robustness of the 
method. In papers I and III, at least three responses were chosen, represented by 
different types of APAs (i.e. monoacids, diacids, and monothioacids). The variables 
and responses are chosen based on the authors experience, the objective and the 
limitations of the overall method. Once variables and responses are identified, a 
design is chosen to estimate the significance of each variable in the observed 
responses. The design selection varies according to the objective of the DOE 
(screening, optimization and/or robustness) and for each objective, a number of 
designs can be used. Table 2 specifies the examined levels for each variable and 
design matrix during screening for the direct derivatization step (Paper III).  
 
Table 2. Variables and levels used in the screening step for direct derivatization of APAs in 
water using a fluorinated diazomethane reagent (two levels, full factorial design). Two levels, 
indicated using codification (high, +1) and (low,-1) were assigned for each variable 
corresponding to the levels of natural variables. For variable x1, the two coded levels (−1, and 
+1) represents the two different reaction times considered (5 and 115 min). For variable x2, 
the two coded levels (-1, and +1) represent two different value for the molar excess of the 
derivatizing reagent concentration compared to the APAs (10X and 190X) applied during the 
direct derivatization process. For variable x3 the two coded levels (−1. and +1) represent the 
two different % ages of H2O in acetonitrile (10 and 90 %) while for variable x4, the two coded 
levels represent the two different reaction temperatures investigated (20 and 60 °C). 

 
Variable Level 
 Low (-1) High (+1) 
x1= Time of derivatization(min)  5 115 
x2= Concentration of reagent (molar excess)  10 190 
x3= % of water in acetonitrile  10 90 
x4= Temperature of derivatization (°C)  20 60 

 
From a practical point of view, an initial screening step is performed before 
optimization in order to reveal the significance of each tested factors in the 
responses and to identify appropriate ranges. The designs used in the screening step 
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are sufficient to estimate linear and interaction models, but insufficient to estimate 
quadratic models. The screening steps were performed at appropriate (early) stages 
of the method development process, focusing on the procedures such as the solid 
phase derivatization reaction and drying techniques in Paper I and direct 
derivatization in aqueous and urine solutions in Paper III and V, respectively. A 
balanced two level full factorial design was used in which every level of each factor 
was investigated at both levels of all the other factors. This enabled non-significant 
variables to be excluded from the subsequent optimization step. Based on the 
information from the screening step, optimization experiments were conducted to 
extract deeper information about a few dominant factors. Optimization was 
conducted using a response surface modeling (RSM) design, for which higher order 
models can be used. These models create a more detailed map of the experimental 
domain and are advantageous for finding the optimal region. Good RSM designs 
make it possible to estimate model parameters with low uncertainty, which means 
the regression coefficients have narrow confidence intervals. Good RSM designs 
also give rise to a model with small predictive errors. In addition, the RSM design 
should result in the lowest possible number of experiments. In Papers I, III and V, 
the optimization step involved a three level full factorial design where every factor 
was investigated at three levels. This design can be used to generate a full quadratic 
model. Thus, when optimizing the direct derivatization of APAs using the reagent 1-
(diazomethyl)-3,5-bis-(trifluoromethyl)benzene (Paper III), three significant factors 
from the screening step were chosen and so 27 (33) experiments were required to 
model their effects on the selected responses (i.e. the yield of the APA derivatives). 
The experiment at the center point was carried out three times in order to estimate 
the method’s reproducibility. Overall, 30 experiments were performed, in random 
order. The factors investigated were the reaction time (x1), the excess of the 
derivatizing reagent relative to the APAs (x2), and the relative ratio of water in the 
acetonitrile (x3). Each factor was investigated at three coded levels (the low level, -1; 
the center, 0; and the high level, +1). A minimum of three levels is required for 
RSM and thus to model curvature (i.e. quadratic effects; see Table 3).  
 
Table 3. Variables and levels used in the optimization step (Three levels, full factorial 
design). Three levels were assigned for each variable, corresponding to the levels observed 
for natural variables and using the following codification: high, +1; center point, 0; and low, -
1.  

Variable Level 
 Low (-1) Center (0) High (+1) 
x1= Time of derivatization (min) 5 60 115 
x2= Concentration of reagent (molar 
excess) 

50 125 200 

x3= % of water in acetonitrile 0 5 10 
 
Having selected the experimental design, performed the designed experiments and 
tabulated the measured responses, it is important to fit a mathematical model 
equation in order to describe the behavior of the response in the experimental 
domain.[23] The actual and coded value of each factor allowed the estimation of 
coefficients (b) of a quadratic model as indicated in Equation 1: 
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y = b0 + b1x1 + b2x2 + b3x3 + b11x1
2+ b22x2

2+ b33x3
2+b12x1x2 + b13x1x3 + b23x2x3                Equation 1 

 
where y represents the experimental response, xi the independently evaluated factors, 
and b0,  bi, bii and bij are the regression coefficients for the constant, linear, quadratic 
and interaction terms, respectively. The regression coefficients can be calculated by 
fitting the values of the experimental parameters using least squares regression. The 
coefficient having the highest absolute value corresponds to the most significant 
variable or combination of variables. PLS was applied to analyze the measured 
responses from data obtained from designed experiments.[21]. The correlation 
structure among the responses can be checked by examining PLS loading scatter 
plots (Fig. 4, top panel) or a correlation matrix table. It can be seen from the loading 
scatter plot that the responses for all three APAs were positively correlated; that is, 
the responses were affected similarly by the experimental factors since they were 
grouped together. This conclusion is corroborated by the results from the correlation 
matrix table. The response correlation coefficients are larger than 0.5 for all 
responses, indicating a strong correlation.[22] Hence, in Paper III, the responses 
were modeled using PLS. The model’s adequacy can be assessed using various 
statistical tools. The summaries of fit for the model (with three principal 
components) were: R2 (measure of fit) = 0.94 – 0.96, Q2 (measure of prediction) = 
0.89 – 0.92, model validity = 0.59 – 0.79 and reproducibility = 0.94 – 0.97. From the 
results, it was concluded that all models were statistically valid and could be 
classified as good. The data set contained no outliers and the model exhibited no 
lack of fit, giving a good match between the observed and predicted responses. Thus 
this model can be used for making predictions within the stipulated experimental 
range. The influence of the factors investigated was similar for each response. The 
regression coefficients for the refitted optimization model (after excluding 
insignificant interaction factors) are shown in Fig. 4 (middle panel). These are 
numerical values determined for the model that describes the influence of each 
model term on the responses when the values of the factors are changed. In general, 
both the concentration of reagent used and the % of water in acetonitrile were found 
to have significant effects on the responses as both main and quadratic terms, as 
demonstrated by their high magnitude in the plots. This was expected and is 
consistent with the behavior of most derivatization reagents. The derivatization time, 
however, had no significant effect on the response, indicating that the shortest time 
tested was adequate for complete reaction to occur. Notice, that for at least one 
response (polar EMPA), there is a significant interaction between the reagent 
concentration and the % of H2O, which may indicate that the inclusion of a suitable 
quantity of water improves yields by reducing the strength of the interactions 
between polar chemicals and the vial surface. The impact of experimental factors on 
derivatization is also clearly shown in the PLS loading scatter plot presented in Fig. 
4(top panel). The first two PLS dimensions, wc[1] and wc[2], accounted for 90 % of 
the variation in the observed responses. The magnitude of any influence is described 
by the distance to the origin on the Y-axis. For instance, the reagent concentration 
factor is plotted near the responses, indicating a strong positive correlation. On the 
other hand the derivatization time factor is plotted near to the origin, indicating that 
it has no significant influence on the responses.  
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A convenient way of surveying the model was to construct a response contour plot 
(Fig. 4, bottom panel) for each response. The plots reveal that the location of the 
optimum experimental outcome for all responses is achieved in the upper –central 
regions of the design, which corresponds to low reaction times (5 min), high 
concentrations of reagent (200 X molar excess) and 5 % H2O in acetonitrile. The 
optimal points were a compromise since one of the responses (EMPA) exhibited 
conflicting effect for the % of water. However, the predicted optimal conditions 
meet the stated objectives, allowing for rapid derivatization that tolerates the 
presence of water.  

 
 

 
Fig. 4. PLS (three principal components) for the optimization of SPD factors and responses. 
(See next page for details). 
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Fig. 4. cont., PLS (three principal components) for the optimization of SPD factors and 
responses. % H2O = (% of H2O in ACN), Conc = (concentration of reagent), Time = time 
allocated for the derivatization reaction. (Top panel) Loading scatter plot for the first two 
dimensions, wc[1] versus wc[2], for derivatization factors and responses showing the 
correlation between them. (Middle panel) Coefficient plots of the experimental responses and 
factors. (Bottom panel) Response contour plots (constant factor: lowest reaction time of 5 
min). 
 
3. Solid phase extraction chemistry 
 
3.1 Introduction 
 
As explained earlier, the identification of the CWA markers (APAs) is of prime 
importance in CWC verification analysis. CWA markers at an incident site may be 
found in common environmental matrices such as water. The analytical procedures 
for detecting APAs in aqueous samples involve four major steps: (i) extraction, (ii) 
concentration, (iii) derivatization, and (iv) identification. The first three steps are 
collectively called sample preparation. For complex samples, sample preparation is 
generally the most limiting step of the whole analytical process.[7] Its purpose is to 
reduce the possibility of erroneous results due to the presence of interfering 
compounds and to concentrates and purify the analyte of interest. Developing an 
appropriate sample preparation procedure requires an understanding of the behavior 
of the various types of chemicals in sample matrices, both before and during the 
sample preparation, and an awareness of the limitations of the chosen instrumental 
method of analysis.[7] The sample type, the target analytes, their concentration in 
the sample, the background chemicals present, and the analytical method to be used 
all influence the choice of the sample preparation method. 
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An effective, rapid and simple sample preparation is needed for analysis of CWA 
markers. Conventional sample preparation methods for APAs in aqueous samples 
use several extraction techniques, including evaporation, ion pair extraction, SPE, 
solid phase micro-extraction (SPME), hollow fiber-liquid phase micro extraction 
and ion pairing SPE in order to transfer APAs from aqueous samples into an organic 
phase prior to derivatization, because protic solvents generally hamper 
derivatization.[25] However, since APAs are strongly hydrophilic, the extraction 
step often results in poor recovery and reproducibility. Other limiting factors have 
been observed, including high costs (SPME), breakthrough of analyte, bed 
channeling, higher usage of solvent, recovery loss during elution (SPE cartridge) 
and irreversible adsorption (evaporation). Therefore the development of a single 
method capable of overcoming the limitations of these techniques would be very 
desirable.  
 
Anion exchange is a solid phase extraction procedure suitable for APAs in water 
samples. Several different types of commercial anion exchange cartridges have been 
reported; silica based strong anion exchange (SAX) in combination with [26] or 
without [27] cation exchange, macroporous strong anion exchange resin [6], and 
mixed mode polymeric strong anion exchange [28]. Anion exchange allows the 
selective extraction and enrichment of APAs and does not retain cations or 
hydrophobic compounds that are often present in the aqueous samples. The 
derivatization of APAs, particularly MPA, is sensitive to the presence of cations and 
has resulted in false negatives in some laboratories during OPCW proficiency tests. 
However, the poor recoveries for some APAs and the other limitations mentioned 
above have hindered the widespread adoption of anion exchange cartridges.  
 
Second generation SPE technologies involve disc-shaped SAX units. These have 
significant advantages over existing SAX cartridge-based approaches [29] in that 
they allow for sample preparation that yields high performance, is inexpensive and 
has considerable scope for simplification via miniaturization and solid phase 
derivatization. Polymeric strong anion exchange discs [30] are made of highly cross-
linked inert styrene-divinylbenzene on which strong anion exchange quaternary 
amine groups are covalently bonded. The quaternary ammonium ion is expected to 
exhibit strong ionic interactions with acidic analytes. This property is important 
because ionic retention of the target analyte makes it possible to flush non-ionic 
background chemicals off the disc during the sample extraction process, without 
removing the target. The polymer is cross linked with an inert poly-functional 
monomer (10 % polytetrafluoroethylene, PTFE) to ensure that it remains insoluble 
at all pH values and in a range of solvents. PTFE do not interfere with the activity of 
the sorbent. Because of their greater surface area (12 µm particles) and thin bed, 
sample preparation with the discs is faster and more reproducible than with 
cartridges due to the higher flow rate (decreased back pressure), more efficient 
trapping and absence of bed channeling. High pressures do not deform the discs. The 
original discs had a diameter of 47 mm (~330 mg) but they can be further 
miniaturized to diameters of only 13 mm (19.5 mg) or whatever size may be 
required for in-vial applications.  
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For the analysis of CWC related chemicals there is no data published on the use of 
SAX discs. However, Field and Monohan [31] reported that good recoveries were 
achieved using SAX discs when studying levels of chlorinated acid herbicides in 
surface water. The authors’ method was reported to be simpler than previously-
reported alternatives and the combination of in-vial elution and derivatization with 
methyl iodide reagent yielded recoveries in excess of 95 %. A similar approach was 
successfully demonstrated on carboxylic acids [32] and dialkylphosphates [33], with 
excellent method performance. This process was much shorter and less complex 
than procedures using cartridges, which require cumbersome elution with acidic 
methanol or salt (e.g. potassium bromide or sodium bromide), followed by 
evaporation of the elution solvent prior to derivatization.  
 
In light of these promising reports, we undertook a study to investigate the viability 
of a single step extraction, trimethylsilylation and elution procedure for APAs in 
aqueous samples using 13 mm SAX discs (Paper I). After sample introduction, the 
disc was dried in oven to completely remove all moisture before being placed in the 
GC vial for solid phase derivatization. Optimum removal of moisture is critical since 
the reagent reacts with moisture and becomes quenched, generating background 
peaks in the chromatogram stemming from its degradation products. Solid phase 
derivatization was achieved using the most versatile derivatizing reagent, BSTFA + 
1 % TMCS. The formed derivatives were quantitatively eluted into the solvent 
system since the ionic interaction is not present in the derivative. The SPD 
eliminates two steps from the conventional sample preparation scheme i.e. elution 
with a strong buffer and solvent exchange via evaporation, both of which introduce 
significant scope for error and material loss in SPE cartridge methods. 
 
3.2 Properties of anion exchange  
 
The SAX disc sample preparation steps (Paper I, II) involve (i) conditioning the 
disc with acetone, methanol and water, (ii) counter ion exchange with hydroxide ion 
(1M NaOH), (iii) washing off the excess NaOH salt with water, (iv) sample 
introduction, (v) washing off the impurities with hexane, (vi) drying the disc to 
remove moisture, and (vii) solid phase derivatization. Each step is critical for 
avoiding losses and to achieve optimal performance. The process is based on an 
understanding of the properties of the SAX disc and its limitations. Among these 
properties are its equilibrium behavior and kinetics of ion exchange, selectivity, ion 
exchange capacity, swelling capability, specific mechanical properties, its resistance 
to hydrolysis, solvent compatibility, and operating temperature.  
 
An ion exchange disc is made of a solid matrix containing fixed groups with ionic 
character that experience ionic interactions with exchangeable counter ions. The ion 
exchange equilibrium can be theoretically modeled as a series of ionic interactions 
between fixed charges (functional groups) and mobile charges (the anion and 
counter ion) on the disc, in which the solvent and solutes are distributed freely over 
the two phases, but the functional groups are covalently linked to the solid phase and 
cannot leave it. This property gives rise to the selectivity of the SAX disc sites for 
anions and allows the free passage of interfering cations and neutral compounds. 
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The exchange process can be represented by the following reaction, in which the 
functional group X+ has a counter ion Cl-. 
 
R-X+Cl- + Y-     =      R-X+Y- + Cl-                            
 
Analyte retention depends on the selectivity of the counter ion that occupies the 
SAX disc sites. It is necessary to exchange the standard Cl- counter ion in the SAX 
disc with one having relatively lower selectivity such as OH- ion before 
commencing with sample extraction since the general relative order of affinity for 
anions is OH- < F- < CH3COO- < HCOO- < H2PO4

- < HCO3
- < phosphonate < Cl-< 

NO2
- < HSO3

- < CN- < Br- < NO3
- < HSO4

-. The affinity positions can be used as a 
general guide for selecting appropriate counter ions for the SAX disc. In the 
experiments reported herein, the discs were pre-treated with 1M NaOH, which was 
allowed to remain in contact with the sorbent surface for about 1 min to exchange its 
initial counter ion for OH-. The OH- ion binds less tightly to the disc than would the 
chloride ion and is thus more readily displaced by phosphonate anions during 
sample elution through the disc. The reconversion of an ion exchanger into its 
working form is known as regeneration. It is usually performed using a regeneration 
solution with an absolute concentration of 1M, at a volume well above that required 
for stoichiometric conversion. Special precautions must be taken to avoid the 
formation of precipitates in the sorbent during the regeneration process. The sorbent 
is then thoroughly washed with 5 mL water to eliminate the remaining NaOH. The 
exchange equilibrium can also be influenced by the charges of the ions and the 
activity of each species. A number of simplifying assumptions are usually made 
when studying ion exchange equilibria. One of these is that the maximum uptake of 
ions by an ion exchange sorbent is constant and determined by the number of 
functional groups on the sorbent matrix. Another assumption is that strict 
stoichiometric coupling takes place between the different components involved in 
the ion exchange process. This implies that each ion from the solid phase is replaced 
by another one from the liquid phase, with an equivalent charge to maintain electro-
neutrality. However, when more complex systems such as proficiency tests or 
seawater samples are involved, in which the high concentrations of solute present 
could potentially exceed the disc’s capacity, the simplifying assumptions are not 
always valid. For example, the uptake of counter ions may exceed the total capacity 
of the SAX for the seawater samples (which will contain high levels of chloride 
anions) and thus severely affects the retention of the APA anions on the disc.  
 
The APAs are acidic, having pKa values between 2 and 3; at neutral pH, and they 
largely exist in their anionic form. As such, efficient retention of the anion could be 
achieved using SAX discs with high reproducibility and good recoveries. The anions 
are poorly retained by a lipophilic sorbents and an acidic condition is needed to 
make the APAs neutral and thus render them capable of forming strong hydrophobic 
interactions with lipophilic sorbents. This kind of pH manipulation by adding acids 
may contribute to induced hydrolysis of other related chemicals in the sample, the 
formation of reaction products, and deteriorations of sorbent materials and GC 
columns. It should be noted however that exceptions exist for newer polymeric SPE 
materials such as hydrophilic-lipophilic balance sorbents that tolerate working in a 
wide pH range.[34, 35] 
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Swelling of the disc involves the capability of the disc to uptake the specific 
solvents and also modification of the disc volume during utilization. Being a 
polyelectrolyte, the ions in the disc structure are strongly hydrophilic and attract 
water molecules. In this process, the inside of the sorbent becomes equivalent to a 
concentrated solution that has the tendency to dilute itself when exposed to water. 
This increases the osmotic pressure of the disc (or swelling pressure). The swelling 
depends on the nature of the disc and its cross-linking, the nature of the solvent, 
capacity, nature of the counter ion and concentration of the salts in the solution. 
Polar solvents (we used methanol and water) are in general good swelling agents. 
Sorbents with higher capacity have a tendency to swell more. The disc is typically 
used only after swelling in the solvent. Complete methanol/water elimination from 
the disc during conditioning may be irreversible, giving a sorbent with poor swelling 
properties. In such cases, the whole conditioning process needs to be repeated to 
avoid deterioration of sorbent performance due to poor accessibility of the active 
sites on the disc for interaction with analytes and subsequently with the reagent. 
 
The breakthrough (retention) volume is a critical parameter of the disc. It is the 
parameter controlling the quantity of analytes in a defined solvent and solvent 
volume that can be applied to the disc before analyte breakthrough occur. This 
breakthrough volume is mainly determined by the kinetics involved in the sorption 
of the analytes onto a particular sorbent. In Paper I, breakthrough volume was 
determined by adding an extra 13 mm disc and analyzing the bottom disc after 
derivatization. The alternative approach involves concentrating and derivatizing the 
effluent from sample elution without any additional disc. The concentration for 
breakthrough is usually set to 1 % of the initial concentration. When using 5 mL 
sample volume, the bottom disc did not contain any measurable levels of any 
analyte except for 3 % of the ethyl methylphosphonate derivative (Paper I). As the 
solution continues to pass through the sorbent following breakthrough, the 
maximum value of the analytes concentration is expected to match the concentration 
of the initial solution. Since breakthrough is strongly influenced by the pH and ionic 
strength of the sample, a 5 mL volume may not be appropriate for samples having a 
high salt concentration, e.g. sea water or biomedical samples.  
 
The capacity of the SAX discs depends on the number of available anion exchange 
sites for the analytes and retained matrix components. Saturation of these sites leads 
to a lack of retention and the loss of target analytes. This produces a mass overload 
which becomes important when the concentration of analytes and retained matrix 
compounds is high. High sample concentration can break through the disc because 
its retention capacity is exceeded and this is not related to the breakthrough volume 
as defined previously. The capacity of the disc can always be enhanced by using 
multiple discs or a bigger diameter disc (e.g. 47 mm). The ion exchange capacity is 
defined as the maximum number of counter-ion equivalents exchanged by a specific 
amount of material (usually on a dry basis). The capacity is expressed in millimole 
equivalents per gram (meq/g). The ion exchange capacity of a 47 mm disc (weigh 
330 mg) is stated to be above 0.2 meq by the manufacturer [36, 37]. Therefore a 13 
mm disc (weighing 19.5 mg) is estimated to have a capacity of 0.012 meq. Based on 
an average molecular weight of 150 for APAs, at least 25 mL of an aqueous sample 
containing analytes at levels corresponding to the upper concentration limit (10 
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µg/mL) for OPCW PT samples, it would be necessary to saturate the exchange sites 
of the 13 mm SAX disc. The SAX disc is also suited for analysis of APAs in 
environmental samples e.g. river water and brackish water (Paper II). When using 
SAX discs on matrices with high salt contents such as urine, the volume of the 
samples needs to be reduced accordingly to avoid saturation of the disc. The other 
options would be to use a higher disc capacity. The normal physiological chloride 
concentration in the urine of casualties is about 150 millimoles [26]. Thus, a 5 mL 
urine sample will overload a 13 mm SAX disc. We performed an extensive study on 
the performance of the SAX disc method for APAs in synthetic urine in the first 
OPCW confidence building exercise, with little success. Compared to anion 
exchange, SPE based on hydrophobic interaction or direct derivatization is better 
suited for APAs in urine. 
 

3.3 Solid phase extraction in combination with solid phase derivatization 
 
The section focuses exclusively on discussing on solid phase derivatization, which is 
a new application for SPE. Derivatization in general is discussed further in chapter 
4. 
 
The combination of SPE with derivatization generally requires extensive and 
complicated procedures such as purification, extraction, elution, solvent exchange 
and concentration.[38] Consequently, a recommended sample preparation method 
should benefit from a minimal number of steps prior to derivatization e.g. 
derivatization on a solid phase. Solid phase derivatization (SPD) has proven to 
enhance sensitivity and selectivity in the determination of organic compounds 
compared to classical derivatization techniques in solution.[15, 38] In typical SPD 
reactions, both the reagent and the analyte’s derivatives are retained on the solid 
phase and selective elution of the desired products is permitted. A number of 
applications of SPD have been reported in literature [15]. SPD on a strong anion 
exchange phase using methyl iodide [39], ethyl iodide [32], N-methyl-N-
(trimethylsilyl)trifluoroactamide (MSTFA) [37] and pentafluorobenzyl bromide 
(PFBBr) [40] has been used successfully with carboxylic acids. The similarity in the 
chemical properties of carboxylic acids and APAs indicates the potential of SPD for 
APAs. Both the disc and cartridge configurations of the SAX phase have been used 
for SPD, with discs being preferred for environmental applications [15] since they 
can handle large sample volumes. 
 
In Paper I and II, SPD was achieved by loading the derivatization reagent BSTFA 
and 1 % TMCS onto a SAX disc entrapped with APAs. As previously reported in 
the literature, the anion exchange disc catalyzed the derivatization reaction 
(methylation) of carboxylic acids [32] Our preliminary findings showed that the 
SAX disc did catalyze the SPD of APAs since adding a blank disc to a sample 
solution, spiked with APAs, prior to derivatization increased the yield of the 
derivative by between 10 % and 40 % compared to that obtained without the disc. 
The total volume of solvent and reagent used in this reaction was 500 µL in order to 
allow full immersion of the disc. Since the derivative is as sensitive to water as the 
BSTFA reagent [7, 10], anhydrous reaction conditions were required. Total water 
removal was achieved by drying the disc at 100 °C in an oven for 10 min before 
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solid phase derivatization. Caution must be exercised to avoid increasing the 
temperature above 100 °C since temperatures above 120 °C will decompose the 
disc. The strong anion exchange disc immobilizes the anion, which was particularly 
useful because drying was required in the process and no losses of APAs were 
observed.[31, 40] 
 
The usual approach after derivatization is to elute the derivatives using an 
appropriate solvent. In contrast, the formed derivatives were found to elute 
quantitatively into the solvent phase (BSTFA: ACN, 500 µL, 2:1 v,v) in the vial and 
were thus immediately available for GC-MS injection. Almost 100 % recovery was 
achieved, which is not common with existing sample preparation methods [7].  
 
The overall merits of this method are;  

i. catalytically assisted solid phase derivatization with almost 100 % recovery 
was achieved  

ii. salt was removed from the matrix, improving the derivatization reaction  
iii. no separate elution step, which is critical in conventional uses of anion 

cartridges  
iv. the complete removal of moisture during the derivatization step minimized 

the formation of background signals due to reagent degradation  
v. it was validated for qualitative and quantitative identification with low 

LOD and standard deviation values 
vi. its simplicity for both on-site and off-site analysis 
vii. its reliability for trace forensic identification at concentrations exceeding 14 

ppb 
viii. the ability to store and transport the analyte in disc form for off-site 

analysis 
 
3.4   Zwitterionic compound S-2-(N,Ndiisopropylaminoethyl) methyl-
phosphonothiolate [EA-2192] 
 
The V-series is an important family of nerve agents and contains at least three well 
known members; VX, VR (Russian VX), and CVX (Chinese VX).[41]  
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The V-type nerve agents are more persistent than G agents [41] and are among the 
most toxic man-made compounds [42]. The V compounds are phosphonothiolates 
with tertiary amine groups. One of the most important and studied V type nerve 
agents (schedule 1.A.3) is VX (O-Ethyl S-2-diisopropylaminoethyl methyl-
phosphonothiolate). The hydrolysis product derived from P-O cleavage under 
weakly basic or neutral conditions or from VX decontamination solutions is known 
as S,2-(diisopropylaminoethyl) methylphosphonothiolate (EA-2192) (Fig. 5) and is 
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almost as toxic as VX itself.[42] The LD50 values for EA-2192 and VX in mice are 
0.017 mg/kg and 0.008-0.011 mg/kg respectively.[43] 
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Fig. 5. Cleavage of the P-O bond in VX produces the zwitterionic EA-2192. This compound 
has amphoteric properties because it bears both an acidic (phosphonothioic) and an amine 
group. At neutral pH, both of these groups carry a charge. 
 
Since EA-2192 is charged at all pH values, solvent-solvent extraction is difficult. 
The simplest analytical methods for detecting EA-2192 involve thin-layer 
chromatography [44], capillary electrophoresis [45], LC-MS (LOD=0.76 ppm, SIM 
mode, ESI) [46] or NMR (LOD=10 ppm, 31P, 300 MHz) [46]. Identifying trace 
levels of EA-2192 in a decontamination solution, where it might be present at 1 % 
or less would preferably be done via GC-MS due to its sensitivity and library search 
capability, since this zwitterionic chemical standard is difficult to synthesize. This 
capability is also particularly important for field applications since current field 
instruments are based on GC-MS analysis. It is possible to form the methylated 
derivative of EA-2192 using common methylation reagents including diazomethane, 
trimethylsilyl diazomethane and trimethylphenyl ammonium hydroxide. While 
methylation is a feasible technique for EA-2192, the reagents themselves have 
significant drawbacks; diazomethane is explosive and carcinogenic, the caustic 
TMPAH destroys the sample and GC column, there is a high risk of memory effects 
after on-column injection, and the limits of  detection are high (100 ppm in 
decontamination solution).[47] The versatile trimethylsilyl (TMS) derivative would 
be the preferred choice since it is the most widely used derivatization technique for 
GC-MS applications.  
 
However it has been reported that EA-2192 is resistant to trimethylsilylation [48] or 
does not provide acceptable sensitivity [46, 47] for CWC verification. Conversion to 
the tert-butyldimethylsilyl (TBDMS) ester was reported with some success.[49] 
Two reasons have been stated for the problems with silylating EA-2192; (i) its 
zwitterionic nature [48, 50-52] and (ii) the condensation-decomposition of the 
thermo-labile derivative in the column [47]. Pardasani et al.[47] also provided the 
first evidence of trimethylsilylation of EA-2192 in acetonitrile solvent and analysis 
by GC-MS with an elevated initial column temperature. In addition, they used NMR 
to show that the TMS derivative of EA-2192 is stable at 100 °C as well as in the 
injector liner at 250 °C without any decomposition. They attributed the root cause of 
its non detection to condensation followed by decomposition of the derivative in the 
GC column, and suggested that initiating the GC column at 175 °C or above would 
enable detection. However, given that their method’s limit of detection is 8 µg/ml in 
acetonitrile, it is not expected to be applicable for OPCW PT samples, which are 
spiked with 1-10 µg/ml in DI water, nor for environmental samples where the 
analyte concentration would be expected to be even lower and for which complex 
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matrices are expected. Under these circumstances, it is highly desirable that the 
TMS derivative and GC-MS analysis be prepared using straightforward protocols 
that are compatible with aqueous and environmental samples, standard GC-MS 
conditions and yield LODs adequate for the level of spiking in OPCW PT samples.  
 
As stated above, the only authors who had previously reported the successful 
trimethylsilylation of EA-2192 were Pardasani et al. [47], who achieved only a 
modest LOD and whose method required samples in a relatively non complex ACN 
matrix, under modified GC-MS conditions. In paper II, a direct comparison was 
made by performing solvent exchange and derivatization in DI water under standard 
GC-MS conditions [13]. The findings confirmed the presence of EA-2192 and its 
homologue S-2-(N,N-diethylaminoethyl) methylphosphonothiolate (REA), 
produced from Russian VX, spiked in DI water. Minimal evaporation losses (<7 %) 
were observed for both chemicals when comparing the yield to d3-EA-2192 and d3-
REA added after evaporation. However, no target chemicals were identified in 
proficiency test 19 W1 sample spiked with same concentration of EA-2192 and 
REA. The failure of the derivatization process was attributed to the presence of 
background chemicals in the sample. This is likely because most cases in which EA-
2192 failed to undergo trimethylsilylation were observed when dealing with very 
challenging matrices such as decontamination solutions. The impurities spiked in the 
PT19 W1 sample include salts (cations and anions), various PEGs and N,N-
diisopropylethylamine. The salts’ influence was thoroughly investigated since the 
presence of salt has been stated to suppress derivatization via formation of salt of 
organic bases or acids.[7] It can also be argued that the presence of salt impurities 
remaining from the synthesis of EA-2192 hampered derivatization since we reported 
a salt-free EA-2192 standard in contrast to that synthesized by Pardasani et al. [47]. 
The quantitative data provided in Paper II regarding the influence of magnesium and 
calcium cations justified the proposed cause for non silylation of EA-2192. A 
similar influence of these cations has been reported in the literature for APAs.[10] 
To address this problem, we applied the disc method from Paper I to extract and 
derivatize EA compounds as well as to remove the cations that elute from the disc 
during sample introduction. Paper II reported the successful derivatization of EA-
2192 and REA using the disc method from paper I, with ppb limits of detection in 
water, PT samples and environmental samples.  
 
The overall merits of this method are; 
 

i. 100 % recovery was achieved for EA-2192 
ii. no separate elution step is required, which is the critical step when using 

anion cartridges  
iii. the complete removal of moisture from the derivatization step minimizes 

background signals originating from reagent degradation  
iv. it has been validated for qualitative and quantitative identification with a 

low LOD and standard deviation 
v. its simplicity and suitability for both on-site and off-site analysis 
vi. the ability to store and transport the toxic EA-2192 in disc form for off-site 

analysis 
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δ+

3.5 The mechanism of the solid phase derivatization reaction 
 
The silylation reaction mechanisms on solid phase and in organic solution are 
similar since they involves bimolecular nucleophilic attack (SN2) by the nucleophile 
(phosphonate anion) on the Si atom of the silylation reagent (Fig. 6).[52] Both 
compounds form a transition state before the leaving group is ejected and the final 
derivative is formed. The neutral derivative elutes into the organic solvent. 
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Fig. 6. Proposed reaction mechanism for the solid phase trimethylsilylation of APAs. The 
hydrogen attached to the O is replaced with a trimethylsilyl group, forming the trimethylsilyl 
ester of the alkylphosphonic acid. 
 
It should be pointed out that bulky nucleophiles has been reported to be problematic 
for trimethylsilylation.[52] However, we observed no loss of sensitivity for the 
derivatization of pinacolyl methylphosphonic acid with BSTFA, demonstrating the 
utility of this reagent for silylation. This may not be true for bulkier silylation 
reagents such as N-(t-butyldimethylsilyl)-N-methyltrifluoro acetamide 
(MTBSTFA). 
 
3.6 Storage and transportation of samples on dry discs 
 
The use of SPE discs for storage and preservation of analytes has been indicated as a 
new direction in research and development.[53] The analytes are transferred into a 
solid phase where they are retained for the duration of sample transport and storage. 
The benefits include the consumption of less storage space compared to liquid 
samples, no risk of spillage, hydrolysis and contamination, and the discs’ nature as a 
convenient and cheaper medium for transportation of samples to be analyzed at a 
designated laboratory. In papers I and II, no loss of recovery was observed after 
storing discs in GC vials at room temperature for 36 days and 14 days, respectively 
(Fig. 7). The disc methods involve straightforward procedures; the extraction and 
storage steps can easily be performed by workers who have not received extensive 
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technical training. The use of the SPE disc for storing CWAs would be a potential 
solution for transportation of highly toxic CWAs e.g. EA-2192, in addition to the 
benefits listed earlier.  
 

 
 
Fig. 7. The stability of underivatized APAs on the SPE discs was assessed by applying an 
aqueous sample, W2 (from OPCW Proficiency Test, 19th Round), fortified with 
isopropylphosphonic acid, to the activated SPE discs. The discs were dried and stored in 
sealed GC vials at room temperature. Compound retained on the discs were derivatized and 
analyzed according to the planned interval.  

 
4. Derivatization  
 
4.1  Introduction 
 
Analyte derivatization is used in many analytical application methods that employ 
GC or GC-MS as the determinative step.[14, 54] Derivatization increases analyte 
volatility, improves the chromatographic characteristics of an analyte by decreasing 
its polarity and/or increases the detector sensitivity of the target analyte. Although 
less common, derivatization is also sometimes done for LC-MS in order to improve 
sensitivity (ionization), alter or promote fragmentation to increase structural 
information, and in some cases, to improve separation. Trimethylsilylation is by far 
the most common method for derivatizating APAs to enable analysis by GC-MS, 
followed by methylation and benzylation. The performance of different derivatizing 
reagents with APAs and other types of CWA degradation products has been 
thoroughly reviewed by Black [10] and the general suitability of each derivatizing 
reagent for APAs is summarized in Table 4. Generally, TMS derivatives are 
preferred for GC-MS with EI detection because of their ease of formation and the 
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observation that such derivatives often enhance detectability. Their only drawback is 
that the reagent and the derivative are moisture sensitive and that the formation of 
the derivatives is inhibited in the presence of salt. For NICI, fluorinated derivatives 
such as PFBBr are preferred for sensitivity reasons. However the reaction is 
relatively slow, inconsistent results are reported at low ppb concentration levels and 
the derivatization procedure is more laborious. Methylation of APAs using 
diazomethane is rapid, the reagent is selective for acidic analytes, experimentally 
easy to handle and produces minimal levels of by-products. The major 
disadvantages of this reagent are its carcinogenic and explosive properties and the 
fact that methylated APAs are also classified as CWC related chemicals.  
 
Table 4. Methods for APA derivatization and their suitability. 
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Silylation BSTFA 
 

     

Methylation Diazomethane 
 

     

Benzylation PFBBr 
 

     

 
Weak 
High 

Very high 
 

 
In theory, an ideal derivatizing reagent should have the following properties;  
 

i. it should overcome one or more limitations of existing reagents.  
ii. derivatization should proceed rapidly and selectively 

iii. the derivatives should exhibit good chromatographic properties resulting in 
retention times that are well separated from interfering volatile compounds 

iv. the derivatives should have properties that are advantageous for the 
analytical techniques used (e.g. in terms of sensitivity or MS 
fragmentation) 

v. present a low hazard in the laboratory, given non excessive use  
vi. the reagent and derivative should be robust with good thermal stability and 

not moisture sensitive 
 
Several new derivatization reagents for APAs, especially fluorinating reagents, have 
been proposed [10], but none have found widespread use. 
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4.2  Selection of a derivatizing reagent 
 
Review papers on derivatizing chemistry have stressed the future need for powerful 
derivatizing reagents that can achieve selective and rapid direct derivatization in 
samples with a high water content and that can be applied for high sensitivity 
analytical techniques.[10] Such reagents would be especially beneficial for rapid on-
site screening of large sample numbers. In general, the use of existing derivatization 
reagents often results in poor recovery and formation of by-products due to reactions 
with the matrix, which generate a strong chemical background that may interfere 
with the analyte during chromatographic analysis.  
 
The capacity of fluorinated derivatives to give high sensitivity in NICI analysis has 
led to attempts to synthesize new reagents that could either compliment or replace 
the commercial PFBBr reagent.[10] For example, the new reagents; 4-(trifluoro-
methyl)-2,3,5,6-tetrafluorobenzyl bromide [55] and pentafluorobenzyl chloro-
formate [56] were developed but failed to gain further interest. In general, the new 
reagents contain more fluorinated substituents than PFBBr and are expected to result 
in higher electron affinity (EA). 
 
4.3  Electron affinity  
 
The sensitivity of the derivatives in NICI MS is associated with their electron 
capture properties, which in turn depend on their electron affinity (EA). Compounds 
with high EA values are typically aromatic species with halo- and nitro- 
substituents. In addition, there are correlations between overall sensitivity and the 
position of substitution of the electrophores with respect to other functional 
moieties, multiple substitutions of strong electrophores on the same carbon, 
substitution frequency and alkyl chain length.[57] The preferred trend is to use 
fluorinated reagents rather than more electronegative alternatives (e.g. nitrated or 
chlorinated species). The fluorinated reagents are preferred to nitrated derivatives 
due to their better GC properties and the chlorinated reagents are avoided since they 
give two or more peaks in NICI due to the isotopic distribution of chlorine and thus 
have a higher risk of peak overlap in the mass spectra. 
 
In electron capture NICI, the derivative molecule gains an electron from the reagent 
gas (e.g. methane) to form either a negative molecular ion or a neutral radical and a 
negative ion depending on the stability of the molecular ion.[57] The energetics of 
electron capture dissociation is determined by the EA of the derivative (M). The EA 
is the negative of the heat of reaction for the attachment of a zero kinetic energy 
electron to a neutral molecule or atom (Equation 2): 
 
M + e–             M–•                  –∆Hr = EA(M)                                                           (Equation 2) 

 
In paper III, estimated EA values were used to predict negative ion sensitivity 
during chemical ionization mass spectrometry. 
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4.4   New reagents for direct derivatization 
 
In paper III, we aimed to develop a new derivatizing reagent for APAs that meets 
the requirements of an ideal reagent and facilitates derivatization without any 
evaporation step since the evaporation step can be time consuming and prone to 
analyte losses.[10] In addition, the reagent should be suitable for direct 
derivatization in samples having high water content and allow high sensitivity 
screening and identification using GC-MS EI, PICI and NICI ionization techniques. 
Four variants of derivatization reagents (designated as R1-R4) containing a 
perfluorinated methyl group at various position on the benzene ring and a 
diazomethane functional group have been synthesized (Fig. 8). The diazomethane 
functional group has good stability in water-containing sample matrices. There has 
been considerable interest in derivatization reactions that can be performed directly 
in aqueous samples since this would represent a major advance in derivatization 
technology.[14] Evaporation or SPE are typically used to transfer APAs from the 
aqueous phase into an organic phase prior to derivatization since most derivatizing 
reagents medium require the use of a dry aprotic solvent. However because APAs 
are strongly hydrophilic, the extraction step in reversed phase SPE often results in 
poor recovery and reproducibility. Extraneous materials extracted from the matrix 
(including water) either suppress the derivatization or react with the derivatization 
agent to produce background peaks in the chromatogram that mask the analyte 
during spectrometric analysis. The use of a water tolerant reagent could greatly 
simplify analytical procedures. 
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Fig. 8. The fluorinated phenyldiazomethane reagents evaluated in this study. The numbers 
and positions of the fluorinated functional groups increases the derivatives’ sensitivity to 
NICI. 
 
The relative vertical EA of fluorobenzyl derivatives of a model compound (methyl 
methylphosphonic acid) were estimated using molecular modeling software (Table 
5). The theoretical EA values were found to correlate with the sensitivity of the 
corresponding derivatives in NICI. If electron capture occurs in a compound having 
a neutral or negative EA, the electron–molecule complex will have a short lifetime 
(auto-detachment), but in case of compound having a positive EA, a negative 
molecular ion can persist. The position of the fluorine atoms on the benzyl ring and 
the number of fluorines affects the EA. Among reagents R1-R4, reagent R3 has the 
highest EA value, which should correspond to the highest sensitivity in NICI 
experiments. As a rule of thumb, the number of fluorines may correlate with NICI 
sensitivity; R3 has the highest number of fluorines (6), followed by R4 (5), R2 (3) 
and R1 (3). The position of the substituents at various positions of the ring also 
influences the EA. The trifluoromethyl groups at positions 3 and 4 of the model 
compound give a higher EA than having the groups at positions 2 and 4 or 3 and 5 
(as in reagent R3) according to the modeling results. This observation could be 
rationalized on the basis of increased or diminished electron density in the aromatic 
ring via resonance and the electron withdrawing and releasing character of 
fluorine.[57] The use of EA to predict NICI sensitivity has proved to be fairly 
succesful and should be used as a baseline to select future reagents such as the 
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model compound 3,4-bis-CF3, which has the highest EA of the tested species. 
Howver, its cost of synthesis could be detrimental to its use.  
 
Table 5. Theoretical calculations of electron affinities and correlations with experiment. 

Rn 
 

O

PO

O

Rn

EA 
(kcal/mol) 

EA (eV) Relative response 
(NICI TIC %) 

2-CF3 -1.29 -0.056 - 
3-CF3 (Reagent R1) -1.00 -0.043 7 
4-CF3 (Reagent R2) 0.80 0.035 5 
Pentafluoro (Reagent R4) 3.71 0.161 67 
3,5-Bis-CF3 (Reagent R3) 8.55 0.371 100 
3,4-Bis-CF3 12.03 0.521 - 
2,4-Bis-CF3 9.20 0.399 - 

 
The reagents are very reactive and the derivatization is completed within 5 min in a 
reaction mixture of 25 µl aqueous sample, 475 µl acetonitrile and 4 µl reagent 
(0.4M). In contrast to reagent R3, pentafluorobenzylation of APAs using PFBBr 
(water free) requires more than an hour for completion.[26] PFFBr also requires 
more laborious derivatization conditions and a final florisil cleanup of the 
derivatives.[10] All these procedures involve a number of manipulations and are 
potential sources of error. The hazards of the proposed reagents have not been fully 
evaluated but they are expected to be less explosive than diazomethane. The 
derivatives are not excessively sensitive to traces of moisture, which is not the case 
with silylated APAs. The derivatives also have higher boiling points than the methyl 
esters, increasing their elution temperatures by approximately 10 °C for the same 
parent APA. This further reduces interference from volatile compounds. 
 
The derivatives are ionized by a dissociative electron capture mechanism that 
produces the corresponding phosphonate anion [M–R]– and reagent radical (R•). The 
capture of an electron by the 3,5-bis(trifluoromethyl)benzyl portion of the molecule 
gives a radical anion that rapidly expels the 3,5-bis(trifluoromethyl)benzyl radical 
and produces a gas phase phosphonate anion (Fig. 9). 
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Fig. 9. Electron capture dissociation of an APA derivative formed by reaction with reagent 
R3. 
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In most cases, the stable singlet phosphonate anion generates a single peak in the 
mass spectrum, increasing the sensitivity of the method. For example, the NICI mass 
spectrum of the methylphosphonic acid and ethyl methylphosphonic acid derivatives 
of reagent R3 show only the negative molecular ions at m/z 321 and 123 
respectively (Fig. 10). 

 

 
 

 
 
Fig. 10. Spectra (NICI) of the R3 derivatives of methylphosphonic acid and ethyl 
methylphosphonic acid respectively. 
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The high sensitivity of the derivatives in NICI enables rapid screening of aqueous 
samples. The identification of the derivatives in PICI and EI was achieved after 
concentration of the samples. There is a hesitation among analytical chemists to use 
reagents that provide new types of derivatives, as this reduces the scope for 
identifying the obtained derivative by searching the Wiley and NIST spectral 
databases. To facilitate library searching, we have submitted nine EI spectra of 
common APAs to both OCAD and NIST. This method presents the first example of 
direct derivatization of APAs in aqueous solution.  
 
The merits of this method are that it:  
 

i. enables rapid direct derivatization of APAs in aqueous solution (5 min) 
ii. is suitable for high sensitivity screening and identification (LOD = 5-10 

ng/mL) 
iii. produces stable derivatives  
iv. is suitable for both on-site and off-site analysis 

 
4.5.   Direct derivatization of APAs in urine 
 
Analysis of APAs in urine samples is traditionally performed using SPE prior to 
derivatization and uses large sample volumes to make concentration viable [58-61]. 
Our aim was to perform the direct derivatization of APAs in urine using the new 
reagent (R3) (Paper V). To address the challenge of direct derivatization in a 
complex matrix like urine where the target analyte is present at ppb levels, the 
method parameters had to be re-optimized. We found that at least 20 times more 
reagent is needed for a given amount of the target APA in a urine sample as 
compared to water, indicating the presence of other reagent quenchers in the matrix. 
It was also found that acidification of the reaction solution using concentrated HCl 
improved the derivatization yield. This may be due to improvements in the solubility 
of the APAs in organic solvent, an increase in their reactivity, or an increase in the 
reagent’s reactivity. The rapid direct derivatization in urine enabled analysis of 
APAs at an average detection limit of 100 ng/mL. To improve the detection limit 
further, the sample had to be concentrated. The concentration of the derivatized 
APAs and the removal of the HCl and underivatized APAs for low sub-ppb level 
analysis were effectively achieved using C18 SPE. This method represents the first 
example of direct derivatization of APAs in urine.  

 
The merits of this method are:  
 

i. it allows for rapid direct derivatization of APAs in urine solution (5 min) 
ii. it provides high sensitivity screening and identification (LOD = 0.1-10 

ng/mL) 
iii. it exhibits superior selectivity for heavy matrices 
iv. the methodology is suitable for on-site and off-site analysis 
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5. Mass Spectrometry 
 
5.1 Introduction 
 
The rapid growth in the technology and applications of mass spectrometry (MS) 
over the past 3-4 decades has been such that MS is now a well established field of 
molecular recognition.[17, 62, 63] The broad applicability of MS or tandem MS, is 
due to its high speed and selectivity in analyte detection as well as its high 
sensitivity and applicability to the analysis of a wide range of chemical and 
biological samples.[17] One area of continued research that has benefited greatly 
from the technical advances in mass spectrometry has been CWAs detection and 
characterization.[62] In Paper III, multiple analytical techniques (GC-MS NICI 
SIM, EI and PICI) were employed for high sensitivity screening and identification 
of APAs, respectively. In Paper IV, we demonstrated a novel analytical approach to 
create an isomer-specific high energy CID MS/MS searchable library using a sector 
hybrid instrument. The high energy CID tandem MS resulted in substantial 
improvement in selectivity and sensitivity compared to EI MS. In paper V, a sub-
ppb level screening was achieved for APA biomarkers using low resolution selected 
ion monitoring (NICI LRSIM). The selectivity was further improved using high 
resolution selected ion monitoring (NICI HRSIM) which produces predominantly a 
single chromatographic peak for the analytes in the chromatogram by reducing 
chemical background noise. The significance of using NICI HRSIM data to meet 
criteria for identification of CWAs is further discussed in section 5.2. 
 
5.2   Analytical applications - OPCW identification criteria, selectivity and 
sensitivity 
 
Mass spectrometry plays a leading role in a wide range of applications. Its inherent 
sensitivity, specificity, and speed make mass spectrometric analysis of CTA 
(Chemical Threat Agents) highly attractive. The level of identification, sensitivity 
and selectivity depends on the type of equipment available. For OPCW PT sample 
identification, full scan spectra are required for unambiguous identification because 
samples are typically spiked at parts per million (ppm) levels. However, the same 
criteria cannot be used for OPCW biomedical sample exercises since the biomarkers 
are spiked at parts per billion (ppb) levels. At this spiking level, full scan analysis 
becomes challenging and requires extensive sample preparation. Consequently, 
more selective and sensitive measurement modes such as selected ion monitoring 
and single reaction monitoring are needed. At least two diagnostic ions should be 
acquired for identification according to the new guidelines for the OPCW 
biomedical confidence building exercise.[64] In Paper III, we reported the first 
rapid direct derivatization and high sensitivity screening method for APAs in 
aqueous samples, using GC-MS NICI. In NICI SIM mode, a selective screening was 
achieved and at ppm spiking concentrations and a single chromatographic peak was 
detected in the chromatogram. Two different types of reagent gases were evaluated 
for NICI; methane and iso-butane (Table 6). NICI is superior to PICI in that it is 
more sensitive for APA screening. The sensitivity of NICI using methane is at least 
3 times better than when using iso-butane or PICI with methane, and at least 12 
times more sensitive than PICI with iso-butane. Since the anion information is not 
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completely unique, further confirmation was achieved using EI and PICI after 
concentration of the sample by evaporation. 
 
Table 6. Sensitivity comparison between NICI and PICI using two different reagent gases. 

Relative TIC 

 

APAs derivative of R3 
PICI 
(CH4) 

NICI 
(CH4) 

PICI  
(Iso-butane) 

NICI  
(Iso-butane) 

Ethyl methylphosphonothioic 
acid 5 200 15 53 

Butyl methylphosphonic acid 157 411 61 172 

Ethyl methyphosphonic acid 135 354 52 129 
Isopropyl methylphosphonic 
acid 97 382 40 138 

Pinacolyl methylphosponic acid 36 257 17 95 
Cyclohexyl methylphosphonic 
acid 79 409 28 122 

Methylphosphonic acid 172 555 37 187 

Ethylphosphonic acid 36 394 14 107 

Propylphosphonic acid 38 344 12 92 

Average 80 343 29 113 

 
The approach adopted in Paper V was similar to that reported in paper III. To 
improve selectivity, NICI HRSIM was used to suppress the high chemical 
background of urine samples. The performance of the NICI HRSIM technique was 
good, and a predominant chromatographic peak (Fig.11, top panel) was observed 
when derivatized (R3) urine samples spiked with 50 ppb EMPA was analyzed. The 
corresponding EI HRSIM chromatogram of a silylated sample (4X concentrated) 
exhibits high chemical background caused by silylation of matrix components 
(Fig.11. middle-bottom panel). In NICI, the OPCW identification requirement of 
two diagnostic ions was not met. However considering the quality of the result 
shown in the top panel of Fig. 11, the overall selectivity of the NICI HRSIM method 
was comparable or better than that of EI HRSIM. In order to satisfy the criteria, the 
next step in the method’s development should be to examine multiple reaction 
monitoring (MRM) mode using e.g. GC MS/MS instrumentation. 
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Fig. 11. HRSIM acquisitions of EMPA spiked in urine samples; (top panel) NICI 
chromatogram of EMPA derivative of R3 (m/z 123.021, r.t. 6.61 min), (middle & bottom 
panel) EI chromatograms of EMPA TMS (m/z 153.014 and m/z 169.045, r.t. 7.38 min). 
Acquisitions were performed at resolution of 10 K at acceleration energy of 8 KV.  
 
5.3 High-energy collision induced dissociation tandem MS (HE CID MS/MS) 
 
According to the CWC, the general structures (Fig. 12) of the R1 group in APAs can 
be methyl, ethyl or propyl (iso or n-), while R2 can be any alkyl chain isomer with 
up to ten carbons, which means there are many potential different structures. The R2 
can be reported generically for OPCW PT but must be fully identified for forensic 
purposes.  
 

P OR1
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Fig. 12. General structure of alkyl alkylphosphonic acids; R1: C1-C3; R2: C1-C10. 
 
Despite the considerable success of MS techniques for identifying long chain APAs, 
these techniques suffer from poor capacity to differentiate between isomers. This is 
especially true for the EI spectra of some derivatives of isomeric APAs (e.g. 
trimethylsilyl derivatives), which are essentially identical. Although additional ions 
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in the high mass region were observed in the spectra of some isomers, structure 
elucidation is difficult and the use of reference chemicals is needed. Similarly, the 
PICI and NICI of isomeric structures provide only molecular weight information. 

Tandem MS has become has become a convenient and often indispensable tool for 
structure analysis.[65] The available instrumentation ranges from ion traps to high-
resolution double focusing instruments with supplementary sectors. All of these can 
be combined with gas and liquid chromatography. In principle, MS/MS is mass 
spectrometry of a specific ion selected from the initial mass spectrum. This selected 
parent ion is allowed to enter a field-free region where it may undergo collision 
induced dissociation (CID). The resulting fragments are analyzed by a second mass 
spectrometer to produce MS/MS spectra. The CID activation is central to the 
operation of the tandem MS. The mathematical relationships of the internal energies 
needed for CID are represented by the ‘centre of mass’ collision energy (Ecom) which 
is given by Equation 3: 

 
Ecom = Elab x Mn/(Mn+Mi)                                                                                      (Equation 3) 

where Elab is the lab frame collision energy of the ion and Mi and Mn corresponds to 
the masses of the ion and collision gas respectively.  
 
Low-energy negative ion CID MS/MS spectra (Ecom<10 eV) of alkylphosphonic 
acids produced using a triple quadrupole instrument, contain only diagnostic 
fragments that provide information about the size of the O-alkyl group and some 
rather subtle information about the O-alkyl chain structure (Fig. 13). Under these 
conditions, the precursor ion loses the entire alkyl chain via rearrangement reaction, 
which is represented by the peak at m/z 95.  

 
 
Fig. 13. Low-energy CID MS/MS spectrum of n-hexyl methylphosphonate anion (isomer 
R1); Ecom = 5 eV (Elab = 30 V, collision gas Ar, acceleration energy 4 kV, concentration 100 
ng/µL). Only peaks related to the phosphonate part (m/z 95) and the molecular ion (m/z 179) 
are observed. 
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In contrast to the results for low-energy CID, in Paper IV, we demonstrated the use 
of high energy CID (Ecom >10 eV) to increase the volume of information on the 
exact structure of the 12 hexyl methylphosphonic isomers. The high energy CID 
induces direct C-C bond cleavage reactions that generate fragments whose masses 
reflect the structure of the alkyl chain (Fig. 14) more readily than the rearrangement 
reactions. This type of high-energy collision fragmentation has been termed "charge 
remote fragmentation" (CRF) and was described by Adams [66] and Gross [67], 
who found that in ions containing a stable charge centre, high energy collisions can 
cause fragmentation at sites remote from the charge. CRF have been demonstrated 
to generate structurally informative CID-spectra for a large variety of biological and 
other molecules, for example fatty acids [68, 69] and lipids [70]. A stable charge 
centre in the molecule ion is required for CRF to occur. For the compounds studied 
in this work, the phosphonate anion moiety has a high electron affinity and thus 
provides a stable site where the charge has no influence on the mechanism of CRF.  
 

 

Fig. 14. High-energy CID NICI MS/MS spectra of n-hexyl methylphosphonic acid derivative.  
 
In paper IV, collision induced dissociation (CID) were recorded using a sector TOF 
hybrid instrument (Fig. 15). This spectrometer consists of a hybrid magnetic sector 
(MS-1) and an orthogonal time-of-flight (oa-TOF) sector (MS-2). Such instruments 
can be smaller and more convenient to operate than four sector instruments while 
offering comparable performance. Under optimum conditions, the instrument is 
operated with an accelerating voltage of 8 kV, an 800 V collision energy and a push 
out frequency of 30 kHz. An 8 kV ion beam is formed in the source, and the target 
ion mass is selected by a magnetic sector mass analyzer. The precursor ion is 
decelerated to 800 V using two-stage deceleration electrostatic lenses before passing 
through the collision cell. The precursor ions selected in MS-1 with high 
translational energy are activated by collisions with a neutral collision gas. In the 
process, some portion of their translational energy is converted to internal energy 
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which is used to surmount the activation barrier for CRF fragmentation. It has been 
observed that the extent to which the translational energy of the parent ion is 
partitioned into internal energy correlates with the mass and pressure of the neutral 
collision gas, and the laboratory frame collision energy [71]. These variables are 
therefore optimized to obtain maximal spectra information. The CRF product ions 
account for only about 20 % of the total number of fragments produced, excluding 
the precursor ion. 
 

 
Fig. 15. VG Autospec - sector TOF hybrid instrument. Reproduced with the permission of 

Waters Corporation. 

 
A series of experiments were conducted to optimize the CID conditions. Fig. 16 (top 
panel) shows how the abundance of CRF ions varied with the collision gas pressure. 
The highest abundance was obtained at CID pressures between 1.66  10-6 and 2.00 
 10-6 mbar. The bottom panel shows the influence of Ecom on the abundance of CRF 
ions. Notably, an increase in Ecom is generally associated with an increase in the 
percentage of CRF ions. This is consistent with the definition in that CRF is 
energetically favored. The use of heavier methane rather than helium as the collision 
gas increases the percentage of CRF ions at a given Elab by 26 %. However, the use 
of an even heavier gas such as argon does not further increase the number of desired 
CRF ions and instead causes increased chemical noise due to more extensive 
fragmentation. The reduced CRF ion intensity may also be due to the greater 
scattering caused by the heavier collision gas. On this instrument, the laboratory 
frame collision energy, Elab, has a larger influence than the mass of the collision gas 
on the abundance of CRF ions. This observation is supported by the higher 
abundance of CRF ions at an Ecom of 16 eV for helium (Elab = 800 V) compared to 
methane (Elab = 200 V). It could be due to peculiarities of the instrument’s design or 
differences in ion scattering due to the different masses of the collision gases. Under 
the high-energy CID conditions used in this work, Elab was generally maintained at 
the optimum value of 800 V and methane was the collision gas of choice. The 
bottom panel also shows that the ratio of the abundance of unsaturated ´Cn ions (d3, 
m/z = 124) to that of the distonic radical Cn ions (d3, m/z = 125) varies depending on 
the instrumental conditions. When ions having long alkyl chains undergo high-
energy collisions, a range of competitive reaction pathways become energetically 
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accessible and there is no single CRF mechanism.[71] Also, ions with a given m/z 
ratio may be formed by more than one pathway. CRF processes for different types 
of compound require different activation energies.[72] It has been reported that 
even-electron product ions become more abundant than ´Cn ions when the precursor 
ions have lower internal energies.[72] It would therefore be interesting to correlate 
energies and mechanisms to optimize the formation of the CRF ions. 
 

 
 

 
 
Fig. 16. CRF data for the pinacolyl d3-methylphosphonic acid derivative; the observed ions 
correspond to those with m/z values of 121, 122, 149 for the non-deuterated compound (Top 
panel). Abundance curve obtained by varying the collision gas (methane) pressure at 
constant collision energy; (Bottom panel) Ecom versus abundance of CRF ions.  
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5.4 Sample introduction and ionization 
 
Soft ionization techniques provide stable even-electron ions with low internal 
energy and normally no dissociation takes place in the ion source. The factor that is 
important is that ions can retain significant internal energies from the ionization 
method used prior to CID. In paper IV, two soft ionization methods, ESI and NICI 
were applied to generate the same precursor anion. Both techniques generated 
similar spectra and so any difference in precursor internal energy was insignificant 
compared to the applied collision energy. For NICI, we optimized the electron 
energy and reagent gas pressure to enhance the internal energy of the precursor ions. 
 
To enable CRF in high energy CID MSMS, a stable charge center is needed. 
Methods for localizing charge include the use of derivatives [69] and ionization by 
alkali metal ions [73]. Ionization of fatty acids esters by alkali metal ions, e.g. Li+, 

Met2+ and Na+ allowed the formation of CRF in contrast to protonated analytes that 
only undergo uninformative charge-driven fragmentation.[73] In addition, 
derivatives having high proton affinities such as fatty acid amides, pyrrolidides and 
picolinyl esters do indeed undergo CRF. Conversely, derivatives having lower 
proton affinities such as methyl esters undergo charge-driven fragmentation.[67] 
Another method for creating stable charge centre is negative ionization of organic 
acids.[68] In paper IV, we applied negative ESI to the phosphonic acids and NICI to 
the fluorinated derivative to produce hexyl methylphosphonate precursor anions.  
 
Literature reports indicate that carbocations are notorious for their ability to 
isomerise before fragmentation and as a result, protonated ions are not useful for 
tandem mass spectrometric structural studies of fatty acids.[74] The advantages of 
choosing a deprotonated precursor ion (phosphonate anion) over the protonated form 
were assessed because protonation is the most commonly used ionization method. 
The protonated phosphonic acid [M+H]+ did not undergo CRF, presumably due to 
its unstable charge centre; an increase in Ecom only consumed the precursor ion and 
resulted in uninformative charge-driven fragmentation with low energy CID. 
However these results may be compound-dependent since protonated amides, 
ammonium ions and phosphonium ions undergo a mix of CRF and charge driven 
processes. 
 
5.5 Mechanism 
 
An understanding of the charge remote fragmentation mechanism and its energy 
requirements is fundamental to the interpretation of ion structures. Strategies for 
interpreting the structure of unidentified analytes using diagnostic ions and 
mechanisms were tested as method of avoiding the potentially unnecessary and 
expensive synthesis of multiple possible candidates. CRF product ions are highly 
informative, reproducible and distinct and thus allow the identification of isomeric 
chemicals. In paper IV, the spectra of all 12 isomers of APA studied were found to 
contain two homologous series of peaks which we denominated as ´Cn (odd mass) 
and Cn (even mass) ions. The ´Cn and Cn peaks, as well as those for the charge-
proximate product (formed via P-C cleavage) can be accounted for in a logical 
manner. The minor homologue series, which consists of Cn-type distonic radicals 
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that are shifted by 1u relative to the major series (´Cn), is highly diagnostic for 
branching positions. For isomers with branching, the corresponding ´Cn ions are 
substantially reduced in intensity, thus contributing to pinpoint branching positions 
when using the NIST library search. The C1 ion (m/z 108) and ´C2 ion (m/z 121) 
have an unusual high intensity due to resonance stabilization by π electrons in the 
phosphonate group. 
 
Interpreting the mechanisms that produce these ion series with single and multiple 
branching positions requires some additional deliberation. M. Claeys biradical 
mechanism [73] and Wysocki radical mechanism [71] were both to some extent 
useful for explaining the product ions formed from isomeric APAs. Both 
mechanisms could explain the product ions from single branching and straight chain 
isomers but accounting for those produced from isomers with multiple branch points 
was challenging. The mechanism proposed by Claeys is the most recent reported 
suggestion for rationalizing observed ´Cn and Cn ion series. All ´Cn ions (odd mass 
ions) except that at m/z 163 can be interpreted as originating from the alkyl chain of 
single branching (Fig. 17). The peak at m/z 163 is unlikely to originate from the loss 
of CH2+H2 since the elimination product must be an alkene. This mechanism is 
similar to 1,4-elimination of H2 proposed by Jensen and Gross et al.[75], except the 
Claeys mechanism involves a biradical intermediate that is claimed to undergo 
lower energy (σ,π on the carbonyl group) transitions. Claeys mechanism works on 
the assumption that the biradical is formed in the carbonyl (or phosphonyl in this 
case) by the initial collision, and subsequently initiates cleavage in the side chain. 
(Fig. 18). Conversely, Wysocki proposed a radical induced mechanism involving 
initial homolytic C-C cleavage followed by C-H cleavage (Fig. 18). This mechanism 
has the advantage of explaining all ions including m/z 163, which cannot be 
explained by Claeys mechanism. However Wysocki’s direct C-H and C-C radical 
release is expected to be energetically more demanding than the biradical 
mechanism. It is thus possible that the observed fragmentations are caused by 
multiple different mechanisms. The Cn ion series may be formed by Claeys 
mechanism (Fig. 17, top panel) followed by formation of the ´Cn ion series by the 
second step in Wysocki mechanism. (Fig. 18). This combination of mechanisms is 
energetically favourable and would explain the presence of the peak at m/z 163. 
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Fig. 17. Proposed Claeys mechanism for straight chain and single branching; (top  
panel) m/z 149 (‘Cn ion series), (bottom panel) m/z 150 (Cn ion series). 
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Fig. 18. Proposed Wysocki mechanism for straight chain and single branching. 
 
5.6    A new mechanistic proposal for the formation of ´C ions from branching 
isomers 
 
For isomers with more than one branching position, there are ions that can only be 
explained by consecutive alkyl radical cleavages at selected positions of the alkyl 
chain. These types of ions cannot be explained using the Claeys or Wysocki 
mechanism or any of the other published mechanisms [72, 75, 76].  

The schematic describing the new ´Cn ion mechanism is shown in Fig. 19, step 2. 
This two-step mechanism encompasses an initial step involving the Wysocki 
homolytic cleavage mechanism for Cn type ions involving C-C cleavage of the 
methyl radical and the production of a distonic radical anion. This Cn ion can also be 
produced by the Claeys mechanism. The second step involves a subsequent methyl 
radical removal from an adjacent C via a second homolytic C-C cleavage resulting 
in the formation of an unsaturated ´Cn ion. In a MS/MS/MS experiment (Paper IV), 
the C ion at m/z 164 (d3, m/z 167) ion was isolated in the first mass analyzer and 
then subjected to high energy CID MSMS analysis. The result shows the formation 
of a new ´C ion at m/z 149 (d3, m/z 152) via the loss of a methyl radical.  

Overall, the finding that ‘C ions are formed from alkyl groups with multiple branch 
points calls for a new mechanism involving consecutive methyl radical cleavage 
events followed by the formation of an unsaturated product ion ´C. A deuterium 
scrambling study would help to confirm the nature of the cleavage and the details of 
the proposed mechanism for multiple branching. 
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Fig. 19. New mechanism proposed for multiple branching position isomers. Step 1 might also 
be explained by the Claeys mechanism. 
 
5.7 Closely related isomers 
 
In paper IV, the isomerism among the studied APAs (R1-R12) is exclusively due to 
the structure of the alkyl group attached to the oxygen. Among these, 10 isomers 
(R1-R9, R12) have alkyl groups with different structures which lead to unique 
MS/MS spectra. Isomers R10 and R11 (Fig. 20) differ only by having n-propyl 
versus isopropyl alkyl substituents. Such isomers are usually difficult to distinguish 
in EI spectra. Interestingly, the library search consistently resulted in a hit that 
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attained rank 1(Table 7) and the probabilities of the NIST MS Search were slightly 
above 50 % for both isomers. In this case, the differences in the analytes’ spectra 
clearly related to the peak at m/z 136. The intensity of this peak in the isopropyl 
species was twice as great as that for the n-propyl species, probably due to the 
higher tendency of isopropyl to lose a methyl radical compared to n-propyl. This 
observation demonstrated that even very small differences in ion intensity can be 
important in database searches if they are stable. 
 

O

R11

O

R10

 
 
Fig. 20. Structure (O-hexyl group).  
 
Table 7. CRF product ions spectra of R10 and R11 isomers. 

Isomer m/z (abundance) Match 
Probability 

(NIST) 
 164 163 150 149 136 135 122 121 108  
R10 111 37 37 37 37 666 37 999 37 52.5 
R11 102 29 32 33 86 618 24 999 7 53.6 

 
5.8 High-energy CID library  
 
The MS library is an important component of the CWC verification regime. The 
technical secretariat of the OPCW has expended considerable effort on developing a 
database for scheduled chemicals known as the OPCW central analytical database 
(OCAD) in order to improve organization’s readiness to investigate alleged CWA 
usage and for challenge inspections, as well as to increase the amount of information 
available to laboratories. The OCAD library includes EI, NMR and FTIR spectra 
databases. The inclusion of MS/MS data was not attempted in this database since the 
spectra produced are instrument-dependent and have very low reproducibility. 
Reproducibility is critical when creating a searchable reference library. The 
commonly applied search algorithms have difficulties in correctly identifying a 
compound if the number of fragment ions and corresponding signal intensities vary 
significantly between sample and reference spectra. As a result, libraries consisting 
of MS/MS spectra have found only limited acceptance for compound identification 
so far. The creation of a reliable library of reference MS/MS spectra would therefore 
be highly desirable.[77] 
 
The MS/MS reproducibility problem could be solved by utilizing the highly 
reproducible charge-remote product ions, which are not affected by variation in 
either the instrument or the ionization technique used. In paper IV, a MS/MS 
database for 12 hexyl methylphosphonic acids isomers was constructed featuring 
information-rich MS/MS spectra derived from a charge remote fragmentation 
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approach incorporating high energy CID. The resulting spectra are highly successful 
for library matching, contain diagnostic ions for structure interpretation of 
unknowns and were accurately reproduced on multiple occasions over the 8 month 
test period (Fig. 21). The library search was performed using the CRF product ions. 
In conjunction with rapid and effective sample preparation techniques (Paper III), 
the database searching process greatly improved the identification of isomeric APAs 
in aqueous samples by LC ESI MS/MS or GC NICI MS/MS. The average match 
factors and probabilities were significantly higher than for the silyl derivatives of the 
same compounds using the current standard technique (GC-MS EI).  
 
The NIST MS Search algorithm [78] was used as the reference search engine for 
these spectra. This search engine has three features that are beneficial for high 
energy CID MS/MS spectra; (i) it is capable of reading spectral data from various 
MS/MS sources, (ii) the search algorithm emphasizes the presence of or absence of a 
peak at high masses, which is a far more important criterion than peak intensity as 
these peaks correspond to low intensity, high mass CRF product ions, and (iii) in 
addition to the standard dot-product-algorithm used in this library search, the 
algorithm adds a parameter that looks at adjacent masses to distinguish isomers 
(Equation 4).  
 

   
&  

 
 ,

,
 ,

,  

&
                    Equation 4 

 
NL&U is the number of peaks in both library and unknown 
i, i-1 is the peak and the previous peak in the spectrum 
n is +1 or -1 so the term is always less than or equal to 
 

 
Fig. 21. Score plot of isomer R2 (green diamond), R9 (orange box) and R10 (blue triangle) 
(n=3, between months). The reproducibility is represented by overlapping of the observations.  
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As far as we know, no other study has demonstrated a MS library with comparable 
performance for MS/MS data and is suitable for structure elucidation of ‘unknown’ 
isomeric CWAs as well as for GC and LC library generation while retaining the 
intrinsic advantages of tandem MS in terms of selectivity and sensitivity, especially 
when dealing with dirty samples. In contrast to the traditional process for identifying 
‘unknown’ isomers, this method is not extremely tedious, expensive, or time-
consuming and does not requires great expertise in synthesis or interpreting spectra.  
 
The merits of this method are: 
 

i. the generation of reproducible MS/MS data enables library searching  
ii. its isomer-resolving capacity using library searches is superior to EI MS  
iii. it facilitates the interpretation of MS/MS spectra of unknown APAs 

using diagnostic ions  
iv. it provides superior selectivity for highly contaminated matrix samples 

 
6. Conclusions and future research 
 
This thesis has described new developments in the analysis of selected nerve agent 
markers. The objectives outlined in the introduction were achieved, as outlined 
below:  
 
Paper I & II 
 development of a new and simplified solid phase extraction and solid phase 

trimethylsilylation of various types of APA degradation products, including 
monoacids, diacids, monothioacids and zwitterionic species  

 successfully validated for OPCW PT samples and environmental samples 
 addressed the limitations of existing sample preparation methods: the new 

method has no error prone evaporation step, the cost of analysis is lower than 
SPME, it offers 100 % recovery, and is compatible with miniaturization    

 validated for forensic analysis of trace level concentrations 
 the disc can be used for storage and transportation of markers in dry form 
 
Paper III & V 
 development of a derivatizing reagent (1-(diazomethyl)-3,5-bis-(trifluoro-

methyl)benzene) suitable for rapid direct derivatization technique in aqueous 
solution and urine samples 

 achieved simple sample preparation  
 successfully validated for OPCW PT samples and environmental samples 
 achieved high sensitivity screening and identification for various types of APAs 
 solved stability problem with existing derivatives 
 
Paper IV 
 development of a highly reproducible isomer specific CID MS/MS library 
 achieved the sensitivity, selectivity and better resolving power compared to EI 

MS and low energy CID MS/MS spectra 
 enabled spectra interpretation for structurally related unknown APAs for forensic 

purposes  
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 achieved simple sample preparation 

Overall, these advances represent a significant scientific contribution to a rapidly 
growing field while expanding the scope of existing applications. The performance 
of the new methods means they have the potential to significantly facilitate on-site 
sample preparation and analysis of CWC related chemicals.  
 
There are few limitations regarding the future development of methodologies for 
chemical warfare agents and other toxic reactive CTAs. One appealing objective 
would be to couple tandem instruments with GC NICI for high energy CID MS/MS. 
Advancements in instrumentation and the development of high energy capability 
with high ion transmission would pave the way for the establishment of commercial 
CID MS/MS libraries. Another area of future research includes the expanded use of 
fluorinated diazomethane derivatizing reagents for characterizing metabolites in 
biomedical samples using both GC and LC based tandem MS. More highly 
electronegative new derivatizing reagents should also be developed to enhance 
sensitivity as well to provide sufficient reactivity for direct derivatization in aqueous 
solution. Owing to the success of solid phase discs for concentrating and purifying 
acidic degradation markers, this technique should be explored with basic and neutral 
chemicals. Another application of SPE discs is to use them as storage media in dry 
form, an area, which would be advantageous due to their low cost of storage, 
negligible risk of spillage and direct analysis when needed. 
 
In summary, the new methods reported in this thesis are powerful analytical tools 
for monitoring chemical warfare agents and related chemicals. Given continued 
advances in related areas, they should allow for significant improvements in our 
capacity to deal with incidents involving chemical warfare agents. 
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