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Abstract 

Under the provisions of the United Nations Chemical Weapons Convention (CWC), certain 
parts of chemical industry will be monitored to verify compliance with the Convention. This 
will include analysis of samples from industrial sites to check for the presence or absence of 
chemical warfare related compounds. One of the problems in screening the chemicals to be 
monitored under the CWC is that certain classes of chemical warfare agents are represented as 
families of chemicals, with many of the individual chemicals having no analytical data available. 
One example is the alkyl methylphosphonofluoridate family with an alkyl ester substituent 
from CH3 to C1OHzl. In this work, the mass spectra of 60 alkyl methylphosphonofluoridate 
family members have been studied to enable the development of rapid on-site screening 
methods for this family of chemicals. 

Introduction 

The Chemical Weapons Convention (CWC), which was signed by 130 nations in 
Paris on 13 January 1993, will prohibit the development, production, stockpiling 
and use of chemical weapons1 Stockpiled chemical weapons will be destroyed 
under the provisions of this treaty, and certain parts of the chemical industry 
will be monitored to verify that no chemical warfare agents are being produced.2 

One of the problems in defining the chemicals to be monitored under the 
CWC is that certain classes of chemical warfare agents cannot be represented 
as a short list of individual chemicals. In order to overcome this problem, the 
schedules of chemicals to be monitored under the CWC contain both individual 
chemicals and families of chemicals. For example, the nerve agents sarin (1) and 
soman (2) and related chemicals in the alkyl methylphosphonofluoridate family 
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with an alkyl ester group up to CloHzl will be monitored under the CWC. There 
are 879 different chemicals represented in this family (Table 1). Other chemical 
warfare agents will also be covered within families of chemicals, resulting in 
several thousand chemicals to be monitored. For the majority of these chemicals, 
analytical data are not available. This raises the question of how to verify that 
these chemicals are not being produced by the chemical industry. 

Table 1. Members in the alkyl methylphosphonofluoridate family 

0 
II 

CH3--P-OC,H2,+1 n = 1-10 
I 
F 

n Molecular rr~ass No. in familyA n i\~loloculitr mass No. in familyA 

A Based on number of alcohols in c ~ H ~ ~ + I o H . ~  

In this paper, we have examined the problem of detection of family members, 
using the sarin family as an example. In particular, we have synthesized the alkyl 
methylphosphonofluoridates corresponding to 60 commercially available aliphatic 
alcohols (from C2H50H to CloH210H) and studied their mass spectra to identify 
the general features in the spectra that may assist in the development of a pattern 
classifier. We have used this information subsequently to develop a classification 
procedure that would be suitable for rapid on-site screening for this family of 
chemicals, and which would discriminate against unrelated chemicals. 

Electron Ionization Mass Spectra of Alkyl Methylphosphonofluoridates 

Previously Reported Results 

The electron ionization (e.i.) mass spectra of sarin and soman have been 
reported by Sass and F i ~ h e r . ~  Neither compound gave a molecular ion, which is 
consistent with the electron ionization mass spectra of organophosphorus chemicals 
generally.5 The highest ion observed in the mass spectrum of sarin was that 
of m / .  125 [M - CH3]+, with intensity of 25%, due to methyl cleavage with 
hydrogen rearrangement. The highest ion observed for soman was that of m/z 
126 [M- C4Hs]+, with intensity 88%, as a result of alkyl rearrangement and 
subsequent loss of isobutene. For both sarin and soman the base peak of m/z 
99 was due to  the ion [CH5F02P]+. 

The mass spectra of an additional nine alkyl methylphosphonofluoridates, 
ranging from n = 1 (that is, methyl ester) to n = 7 (heptyl ester) have also been 
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reported, without discu~sion.~ The spectrum of the methyl ester exhibited a small 
molecular ion (m/z 112, 5%), a small [M-CH3]+ (m/z 97, 8%) and a base 
peak of m/z 82, due to [CH4FOP]+. The spectra of the other eight esters were 
characterized by a base peak of m/z 99 and by the absence of a molecular ion. 

General Features of the E.I .  Mass Spectra 

The e.i. fragmentation of the alkyl methylphosphonofluoridates, 
CH3P(0)(F)OCnH2n+1, where n = 2-10, are characterized by the absence of a 
molecular ion. The base peak is typically (but not always) of m/z 99, depending 
on the branching of the alkyl chain. 

Depending on the value of n,  and the degree and location of branching of the 
alkyl side chain, ions with m/z values greater than 99 are observed from one or 
more of the following ion series. 

(A)  m/z 111, 125, 139, 153, 167 corresponding to ions with the compositions 
[ C ~ H ~ F O Z P ] + ,  [C3H7F02PIf, [C4HgF02P]+, [C5HllF02P]+ and [ C ~ H ~ ~ F O Z P ] + .  

(B) m/z 112, 126, 140, 154, 168 corresponding to ions with the compositions 
[c&FOzP]+, [C3H8F02P]+, [C4HloF02P]+, [C5H12F02P]+ and [ C ~ H ~ ~ F O Z P ] + .  

(c) m/z 112, 126 and 140 corresponding to alkene ions [CsHl6If, [C9H1s]+ and 
[CloHZ0]+, derived from the alkyl side chain of the alkyl methylphosphonofluoridate 
(for n = 8, 9 and 10 respectively), and related daughter ions of m/z 111 (resulting 
from loss of CH3 from [CgHls]+ ion and loss of C2H5 from [CloH2o]+) and m/z 
125 (resulting from loss of CH3 from [CloHzo]+). 

As the alkyl group becomes larger, ions originating from the alkyl group (that 
is, containing only C and H) become a more dominating feature of the spectra. 
In general, as the chain becomes more branched, the intensities of the [C,Hzn]+ 
ion and associated daughter ions increase. 

Preliminary examination of these mass spectra indicates that they may usefully 
be divided into sub-categories based on the branching of the C 1 and C 2 positions. 
In each sub-category (i)-(iii) discussed below, a typical spectrum is illustrated, 
and, where appropriate, a spectrum is also presented of a chemical in this 
sub-category that does not display these general features. 

(i) Primary C I  ARyl Methylphosphonofluoridates 

(A) Alkyl (3).-The mass spectra of these chemicals are characterized by the 
absence of a molecular ion, the presence of a base peak of m/z 99 and a weak 
ion of m/z 125 [C3H7FO2P]+ Other minor peaks are often observed at m/z 111 
[C2H5F02P]+, 112 [C2H6FO2P]+, 126 [C3HsF02P]+ and 139 [C*HgF02P]+, due 
to hydrogen rearrangement with loss of either alkane or alkene fragments from 
the side chain. These fragment ions all contain the P ( 0 ) F  backbone structure 
characteristic of alkyl methylphosphonofluoridates. In addition, low mass ions 

'Identification of Potential Organophosphorus Warfare Agents' (The Ministry of Foreign 
Affairs of Finland: Helsinki 1979). 
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of m/z 41, 55, 69 and 83 associated with hydrocarbon ions are a feature of 
these spectra, particularly for the higher molecular weight homologues. A typical 
spectrum is the hexyl ester (3; n = 5) (Fig. 1). The ion of m/z 81 (due to 
CH3FOP) becomes progressively less intense as the alkyl chain length increases 
(for example, ethyl ester, m/z 81, 50%; decyl ester, m/z 81, 10%). 

Fig. 1. E.i. mass spectrum of hexyl methylphosphonofluoridate (molecular mass 182 u). 

( B )  Other primary C l  .-The eight chemicals in this sub-category [see (4)] 
were all substituted at the ester C 2  position. 

The spectra of these chemicals are typically characterized by intense ions of 
m/z 99 and 112. A typical spectrum is that of the 2-ethylbutyl ester (Fig. 2). 
In this case the m/z 112 ion has the composition [C2H6F02P]+ (determined by 
high resolution), due to cleavage of the bond between C 1 and C 2, with hydrogen 
rearrangement. In other cases, for example, the 2-propylpentyl ester, the peak 
also includes ions with the composition [CsHI6l4 (determined by high resolution 
to be in the ratio 5 : 1 for [C2H6F02P]+ with respect to [C8H16]+). 

The m/z 112 ion varies in intensity, but for C4-C6 substituents it constitutes 
greater than 65% of the base peak intensity, with the highly branched 2,2- 
dimethylpropyl ester giving a base peak of m/z 112. The only spectrum 
of a chemical in this sub-category without an intense m/z 112 ion is the 
2,4,4-trimethylpentyl ester, with an intensity of only 4% of the base peak. In 
this case, it appears that the branching at C 4  favours sequential losses of C4HS 
and C4H6 to give an ion of m/z 99, and loss of CH3 from [CsH16]+ to give an 
intense ion of m/z 97. 
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Fig. 2. E.i. mass spectrum of 2-ethylbutyl methylphosphonofluoridate (molecular mass 182 u). 

(ii) Secondary C1  Alkyl hlethylphosphonojFEuoridates (5)  

The typical spectrum of these alkyl methylphosphonofluoridates with a single 
branch at C 1 is the 1-methylpentyl ester (Fig. 3), which is characterized by an 
intense ion of m/z 125 (corresponding to rupture of the bond between C 1 and 
C 2), a base peak of m/z 99, and peaks due to [C,H2,]+ and related daughter 
ions. 

In some cases, additional branching along the carbon chain has very limited 
effect on the spectrum (for example, the 1,3-dimethylbutyl ester) other than 
enhancing the hydrocarbon peaks as a result of branch position stabilization. 

However, in other cases, additional branching along the carbon chain can have 
a very significant effect. For example, in the spectrum of the 1,5-dimethylhexyl 
ester (Fig. 4))  the intensity of the ion of m/z 99 is approximately 30% of the base 
peak, and the spectrum is dominated by hydrocarbon ions of m/z 41 [C3H5]+, 55 
[C4H7]+, 56 [C4Hs]+, 69 [CsHg]+, 70 [CsHlo]+, 84 [C6H12]+ and 97 [C7H13]+. 

(iii) Tertiary C1 ARyl Methylphosphonofluoridates (6) 

The typical mass spectrum of this group of chemicals is characterized by 
the absence of a molecular ion, small peaks corresponding to the loss of alkyl 
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fragments from the molecular ion, and an intense ion (between 20% and base 
peak) of m/z 99. There are also prominent peaks due to the alkene rearrangement 
ion [CnHZn]+ and [C,H2n+l]+ which is formed by simple cleavage of the C-0 
bond (for example, the 1,l-dimethylpropyl ester, Fig. 5). 

Fig. 3. E.i. mass spectrum of 1-methylpentyl methylphosphonofluoridate (molecular mass 
182 u). 

Fig. 4. E.i. mass spectrum of 1,5-dimethylhexyl methylphosphonofluoridate (molecular mass 
210 u). 
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Fig. 5. E.i. mass spectrum of 1,l-dimethylpropyl methylphosphonofluoridate (molecular mass 
168 u). 

However, the spectra of this group are significantly affected by the extent of 
branching in the alkyl chain, as illustrated by the spectrum of the 1,l-diethyl- 
2,2-dimethylpropyl ester (Fig. 6),  which has neither a C8Hls+ nor a C8H17' ion, 
but loses neutral hydrocarbon fragments to give intense ions of m/z 140 and 125 

Fig. 6. E.i. mass spectrum of 1,l-diethyl-2,2-dimethylpropyl methylphosphonofluoridate 
(molecular mass 224 u). 
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with compositions [C4HloF02P]+ and [C3H7F02P]+ respectively, in addition to 
the base peak of m/z 99. Comparison of this spectrum with the spectrum of 
the 1-ethyl-1,5-dimethylhexyl ester (Fig. 7) provides a useful example of the care 
that is required when comparing apparent similarities in the mass spectra of 
alkyl methylphosphonofluoridates. In the latter case, the ion of m/z 140 has the 
composition C10H20. 

Fig. 7. E.i. mass spectrum of 1-ethyl-1,5-dimethylhexyl methylphosphonofluoridate (molecular 
mass 238 u). 

Chemical Ionization Mass Spectra of Alkyl Methylphosphonofluoridates 

In the chemical ionization (c.i.) mass spectra of sarin and soman, intense 
[ivlf H]+ ions have been observed with isobutane reagent gas.6 With ammonia 
c.i., the pseudomolecular ion [M+H]+ and ammonium adduct ion [M+NH4]+ 
have been reported to be very intense in the sarin mass spectrum (base peak 
and 67% respectively) and less intense in the soman spectrum (10 and 20% 
respectively) .7 

The ammonia c.i. spectra obtained for the alkyl methylphosphonofluoridates 
synthesized in the current project all indicated formation of the [M+NH4]+ ion, 
with a base peak of [M+NH4]+ for all except the highly branched homologues. 
For these highly branched members, an ion of m/z 116 becomes more prominent, 
particularly where there is substitution on the a-carbon. The ion of m/z 116 
is probably due to fragmentation of the [M+NH4]+ ion to give the ammonia 
adduct ion corresponding to the prominent m/z 99 ion observed in the e.i. mass 
spectra of these compounds. 

D'Agostino, P. A., and Provost, L. R., Biomed. Environ. Mass Spectrom., 1986, 13, 231. 
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Preliminary Classification System for the CWC Monitoring System 

Two of the methods which have been suggested as suitable for on-site chemical 
analysis during CWC inspections are gas chromatography-mass spectrometry 
(g.c.-ms.) with e.i. and c.i. capability, and gas chromatography equipped with 
a flame photometric detector (g.c.-f.p.d.) for the detection of phosphorus or 
sulfur-containing  chemical^.^ 

Concerns have been expressed that, because analytical data are not available 
for the majority of chemicals in the families of chemicals covered by the CWC, 
'the analyst would be faced with the horrendous task of identifying all compounds 
containing phosphorus, including intermediates, by-products, and impurities in 
order to decide whether or not they belonged to the families covered by the 
CWC'.' Industry personnel have also expressed concern at the potential loss of 
confidential information from such an intrusive analysk2 

We have previously developed reliable pattern classifiers for the presence of a 
number of structural features, based on application of various pattern recognition 
methods with low-resolution mass spectra.lO>" We have now developed a preliminary 
rapid screening procedure of the 60 alkyl methylphosphonofluoridates based on g.c.- 
m.s. (e.i. and c.i.) and g.c.-f.p.d., which resulted in correct classification of each of 
the alkyl methylphosphonofluoridates synthesized in this project, without confusion 
with any of the chemicals represented in the 130000 spectra Wiley ~ i b r a r y . ' ~  

We are currently extending this work, both in the further development and 
refinement of the alkyl methylphosphonofluoridate family classifier, and we are 
also extending this general approach to the classification of other families of 
chemicals that will be covered by the CWC. 

Experimental 

All 60 alkyl methylphosphonofluoridates were synthesized by a modified standard method 
for the synthesis of sarin.13 An equimolar solution (1.00 ml) of methylphosphonyl difluoride 
(MePOFz)/methylphosphonyl dichloride (MePOC12) (35% MePOFz/35% MePOC12/30% 
dichloromethane by volume) was added to 1 . 7 1 ~ 1 0 - ~  mol of each high purity alcohol (>98%, 
Aldrich Chemical Company). A further 0.2 g ( 2 x 1 0 ~ ~  mol) of triethanolamine dissolved in 
1 . 0  ml of dichloromethane was added to remove acid generated by the reaction mixture. This 
mixture was allowed to react under an atmosphere of nitrogen gas at  ambient temperature 
for 7 days. Tertiary alcohol mixtures, as an exception, were refluxed for 2 h. Sufficient 
alkyl methylphosphonofluoridate product was formed in all cases to enable identification 
by g.c.-m.s. analysis of the crude reaction mixture. Caution: sarin, soman and the alkyl 
methylphosphonofluoridate family are potent anticholinesterases and extreme care must be 
taken when working with them. 
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G.c.-m.s. analyses were performed on a Varian 3700 gas chromatograph equipped with a 
25 m 0.22 mm BP-5 (SGE Australia) capillary column, a Grob split/splitless injector and a 
direct capillary interface. The gas chromatograph injector and the g.c.-m.s. interface were 
maintained at 260°C. Temperature programming was achieved by using a 10°/min rate for 
20 min from an initial temperature of 50°C. High purity helium, at  a flow rate of 30 cm3 s- l ,  
was used as the carrier gas. 

Mass spectra were obtained on a VG7035 (VG Analytical) EB double sector mass 
spectrometer by using exponential down scanning from 400 to 20 u at  a rate of 0.2 s/decade 
with a 0.5 s interscan delay, accelerating voltage 4 kV, and a resolution of 450 (10% valley 
definition). Electron ionization conditions: electron energy 70 eV; emission current 100 PA; 
source temperature 180°C. Chemical ionization conditions: electron energy 100 eV; emission 
current 500 PA; source temperature 100-130°C. High-resolution data were acquired at  a 
resolution of 4500 (10% valley definition) and by using scans of the accelerating voltage V  and 
electrostatic voltage E  a t  constant V I E  ratio and constant magnetic field. Perfluorokerosene 
was used as the calibrant for peak matching. Data were acquired on a DEC PDP8/A computer. 

Accessory Publication 
A full set of data has been deposited. Copies are available from the Australian Journal of 

Chemistry, P.O. Box 89, East Melbourne, Vic. 3002. 


