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SUMMARY 

A sample of munitions grade tabun, known to contain several impurities, was 
studied by combined capillary column gas chromatography-mass spectrometry under 
both electron-impact and chemical ionization conditions. Five impurities, three of 
which were previously unreported in tabun, were identified and characterized based 
on their mass spectral data. Ammonia chemical ionization was particularly useful 
since this technique provided molecular ion information for all the organophospho- 
rous impurities. 

INTRODUCTION 

The alleged use of the chemical warfare agent tabun in the Iran/Iraq conflict 
emphasizes the need for specific detection and identification methods for this and 
other nerve agentslp3. Recent gas chromatographic (GC) analysis of a munitions 
grade tabun sample in our laboratory indicated the presence of a number of impu- 
rities. The identity of these compounds, estimated to comprise about 25% of the 
organic content, would be valuable for future chemical event analyses. 

A capillary column GC-mass spectroscopic (MS) study using both electron- 
impact (EI) and chemical ionization (CI) conditions was initiated with the principle 
objective being the identification of the tabun impurities. Initial EI investigation led 
to the positive identification of only one impurity, triethyl phosphate. As a result CI, 
using methane and ammonia as reagent gases, was employed in order to resolve the 
ambiguous EI data. 

CI-MS using methane, isobutane, ethylene and methanol has been used re- 
cently for the analysis of organophosphorus chemical warfare agents4 and pesti- 
cidesSW7. Both the unique character of the CI data and the molecular ion information 
often afforded have been exploited for identification and characterization purposes. 

Methane CT and in particular ammonia CI, an ionization technique previously 
unreported for chemical warfare agent determination and used sparingly in pesticide 
study5, provided the molecular ion and fragmentation information necessary for the 
identification of the five tabun impurities. The mass spectral data acquired, along 
with GC retention index data, are reported for tabun and the other organophospho- 
rus compounds identified in the munitions grade sample. 
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EXPERIMENTAL 

Standards 
All tabun samples were prepared in HPLC-grade chloroform (Fisher Scientific, 

Edmonton, Canada) and stored in PTFE-lined screw-capped glass vials prior to GC 
analysis. The munitions grade tabun, used for impurity identification, was taken from 
a sample with had been in a steel container for at least 30 years. 

Distillation of munitions grade tabun 
Munitions grade tabun was fractionally distilled in an all glass apparatus at 

3 Torr using a Vigreux column (20 cm x 1.8 cm I.D.) and the fraction boiling at 
97-97.5”C (3 Torr) was analysed by combined GC-MS. 

Tabun synthesis 
Tabun was prepared according to the method of Holmstedt* using benzene 

instead of chlorobenzene as the solvent. Crude tabun was purified by fractional dis- 
tillation at 0.6 Torr using a vacuum-jacketted and silvered Hempel column (30 cm 
x 1.8 cm I.D.) filled with glass rings (5 x 5 mm). The fraction boiling at 57°C (0.6 
Torr) was collected as pure tabun and used for combined GC-MS analysis. 

Thermal decomposition of pure tabun 
Pure tabun (9 ml) was heated in glass at 200” for 20 min. After cooling a sample 

of the resulting dark material was used for capillary column GC-MS analysis. 

Ethyl isopropyl dimethylphosphoroamidate synthesis 
Ethyl dimethylphosphoramidochloridate (8.24 g, 0.048 mole) was added to a 

solution of sodium isopropoxide (made from 1.2 g of sodium) in 2-propanol(75 ml). 
After the addition was complete the reaction mixture was heated for 30 min at 60°C. 
Excess 2-propanol was removed in vacua, water (50 ml) was added and the aqueous 
layer was extracted with dichloromethane (3 x 50 ml). The organic layers were 
combined, dried over anhydrous sodium sulphate, filtered and the excess solvent 
removed leaving a clear, colourless oil. Distillation afforded 7.8 g (83%) of product 
b.p. 5657YJO.2 mm. 

‘H NMR (C’H&). 6 1.3 (3H, t, CH3), 6 1.3 (6H, d, J = 12H,, CH& 6 2.6 
(6H, d, JPNCH, = 20 H,), 6 4.0 (2H, m, J = 14H,, CH2), 6 4.6 (lH, m, J = 12H,, 
CH). 

13C NMR (C2HC13). 6 15.43 (lC, d, Jpocc = 6.7 H,, CH3), 6 22.92 (2C, d, 
J POCC = 2.7 HZ, CH3), 6 35.84 (2C, d, JpNc = 3.4 HZ, CH3), 6 60.98 (lC, d, Jpoc 
= 5.6 H,, CH2), 6 69.62 (lC, d, Jpoc = 5.7 H,, CH). 

ZR (thin$lm). 1460, 1387, 1310, 1260, 1180, 1112, 1054, 1000, 960, 891, 784, 
702 cm-‘. 

Analysis. Calculated: C7H1sN03P; C, 43.10%; H, 9.30%; N, 7.20%. Found: 
C, 43.10%; H, 9.20%; N, 6.95%. 

EZ mass spectrum [m/z (% relative intensity)]. 39 (4); 41 (7); 42 (13); 43 (11); 
44 (100); 45 (13); 82 (2); 108 (18); 109 (2); 110 (4); 124 (15); 125 (4); 126 (4); 136 (3); 
152 (3); 153 (8); 154 (3); 195 (3). 
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Ethyl n-propyl dimethylphosphoroamidate synthesis 
Ethyl dimethylphosphoramidochloridate (15 g, 0.09 mole) was added to a so- 

lution of sodium propoxide (made from 2.3 g of sodium) in 1-propanol (100 ml). 
After the addition was complete the reaction mixture was heated for 30 min at 60°C. 
Excess 1-propanol was removed in vacua, water (100 ml) was added and the aqueous 
layer was extracted with dichloromethane (3 x 75 ml). The organic layers were 
combined, dried over anhydrous sodium sulphate, filtered and the excess solvent 
removed leaving a clear, colourless oil. Distillation afforded 17 g (74%) of product 
b.p. 62-63”C/O.2 mm. 

‘H NMR (C2HCl,). 6 0.95 (3H, t, J = 7H,, CH3), 6 1.30 (3H, t, J = 7H,, 
CH3), 6 1.64 (2H, m, J = 7H,, CH2), 6 2.70 (6H, d, JpNC = 9H,, CH3), 6 3.73-4.30 
(4H, m). 

13C NMR (C2HC13) 6 9.39 (lC, s, CH3), 6 15.48 (lC, d, JPocc = 6.5 H,), 6 
23.09 (lC, d, Jpocc = 6.8 H,, CHJ, 6 35.97 (2C, d, Jp~c = 3.2 H,, CH3), 6 61.39 
(lC, d, Jew = 5.6 H,, CHJ, 6 66.92 (lC, d, JPoc = 5.6 H,, CH2). 

ZR (thinfilm). 1460, 1392, 1311, 1258, 1194, 1168, 1071, 1048, 1000,963, 855, 
787, 754, 700 cm-l. 

Analysis. Calculated: C7HlsN03P; C, 43.10%; H, 9.30%; N, 7.20%. Found: 
C, 42.85%; H, 9.20%; N, 7.06%. 

EZ mass spectrum [m/z (% relative intensity)]. 39 (2); 41 (4); 42 (10); 43 (11); 
44 (100); 45 (14); 82 (3); 83 (3); 108 (21); 109 (2); 110 (5); 111 (3); 124 (20); 125 (3); 
126 (15); 136 (3); 152 (3); 153 (3); 154 (17); 195 (3). . 

Instrumental analysis 
A Varian (Georgetown, Canada) Model 3700 gas chromatograph equipped 

with a flame ionization detector was used for all capillary column GC-flame ioni- 
zation detection (FID) analyses. Data were recorded on a Varian 4270 integrator. 

Capillary column GC-MS analyses were performed with a VG Micromass 
70/70H double focusing mass spectrometer (VG Analytical, Wythenshawe, U.K.). 

TABLE I 

CAPILLARY COLUMN GC-MS OPERATING CONDITIONS 

Operating parameters EI Methane* CI Ammonia** CI 

Accelerating voltage (kV) 4 4 4 
Electron energy (eV) 70 70 70 
Emission @A) 200 1000 1000 
Source temperature (“C) 200 110 100 
Source pressure (Torr) 2. 10-6 ca. 0.1+5** ca. O.lXl.5*** 

Resolution 500 500 500 
(10% valley defination) 
GC-MS interface direct (23o’C) direct (23o’C) direct (23o’C) 
Scan function and rate 350 to 20 a.m.u., exponential down, 1 s/decade. 

l Pure grade (99.5%) (Liquid Carbonic, Scarborough, Canada). 
** Anhydrous grade (99.99%) (Liquid Carbonic). 

l ** Pressure inside the source was estimated from a pressure reading of 5 lo-’ Torr near the source, 
since the VG 70/70H does not read the pressure within the source. 
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The EI and CI operating conditions used during GC-MS study are listed in Table 
I. Details of CI optimization have been reportedg. 

GC analyses were performed on three J + W 15 m x 0.32 mm I.D. capillary 
columns (J + W Scientific, Ranch0 Cordova, CA, U.S.A.) coated with 0.25 pm DB-1 
(100% dimethylpolysiloxane), DB-5 (95% methyl-(5%)-diphenylpolysiloxane) and 
DB-1701 (86% dimethyl-(14%)~cyanopropylphenylpolysiloxane) films. An on-col- 
umn injector of our own design was used for sample introductionlo. Injections were 
made at 50°C. This temperature was maintained for 2 min and followed by a 
lOC/min temperature program to a maximum of 300°C. High-purity helium, at a 
linear velocity of 35 cm/s (methane injection at SVC), was used as the carrier gas. 

RESULTS AND DISCUSSIONS 

GC-MS analysis 
Fig. 1 illustrates the ammonia CI capillary column GC-MS chromatogram 

obtained for the munitions grade tabun sample. Similar total-ion-current chromato- 
grams were obtained under EI and methane CI conditions. Tabun and five other 
organophosphorus compounds, listed in Table II, were identified in the sample based 
on mass spectral interpretation. Tabun, the major sample component, accounted for 
76% of the organic content while diethyl dimethylphosphoramidate and triethyl 
phosphate contributed 12% and l%, respectively. 

3 

4 

L 

2 
6 

5 

9, _JyJ&-+A6 .,., ( 
ME 110 128 138 148 158 168 178 Ma 198 2-a 

SCAN NUMBER 
Fig. 1. Ammonia chemical ionization capillary column GC-MS chromatogram of munitions grade tabun. 
Compounds are identified in Table II (15 m x 0.32 mm I.D. J + W DB-5 column). 

Similar percentage contributions were found in an alleged liquid chemical war- 
fare sample analysed in Sweden 2. Their analyses indicated the presence of tabun, 
diethyl dimethylphosphoramidate and triethyl phosphate at 75%, 3-10% and, 14% 
levels, respectively. Chlorobenzene, often used as a solvent during tabun synthesis, 
was also found. Two phosphorus-containing compounds remained unidentified. 

Our application of CT-MS with both ammonia and methane as reagent gases 
enabled the identification of three previously unreported organophosphorus com- 
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d 

* h i 

Fig. 2. (a) to (f) EI mass spectra of compounds 1 to 6 respectively. (g) to (I) Ammonia CI mass spectra 
of compounds 1 to 6, respectively. Compounds are identified in Table II. 

pounds in munitions grade tabun. CI, a much softer ionization technique than EI, 
allowed us to positively identify the molecular ions of the tabun impurities. Pseu- 
do-molecular (M + H)+ ions were found for all components under both ammonia 
and methane CI conditions. In addition the (M + NH,)+ complex ion was found 
for tabun and another component under ammonia CI conditions. This molecular ion 
information was used with the acquired EI fragmentation data to identify the or- 
ganophosphorus impurities. 
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Both the EI and ammonia CI mass spectra of the six organophosphorus com- 
pounds are shown in Fig. 2. The considerable fragmentation observed during EI 
analysis, due primarily to simple homolytic or heterolytic cleavage(s) and one or two 
hydrogen rearrangements (e.g., McLafferty rearrangement), was not observed during 
ammonia CI operation. 

Those compounds containing an ethoxy substituent were generally character- 
ized by (M - C2H3)+, (M - CzHS)+ or (M - OCzHS)+ EI fragmentation ions. 
Multiple ethoxy substitution may lead to ions with the following possible ion struc- 
tures: (M - C4H7)+, (M - C4H9)+, (M - 0C4H9)+, (M - C6Hll)+ or (M - 
OC6H 1 3)+. Ethyl isopropyl dimethylphosphoramidate produced fragmentation ions 
with possible structures (M - C3H6)+*, (M - O&He)+*, (M - C5H1i)+ and (M 
- 0C5Hll)+ due to the presence of both an ethoxy and isopropoxy substituent. 

Ethyl isopropyl dimethylposphoramidate was tentatively identified based on 
similarities in EI fragmentation to diethyl dimethylphosphoramidate. Concern arose 
as to the presence of a isopropoxy substituted compound since the synthesis scheme 
specifies the use of ethanol. It was thought that the ethanol, used in the synthesis, 
could be contaminated with trace levels of isopropanol. The presence of this impurity 
could and probably did result in production of ethyl isopropyl dimethylphosphor- 
amidate during synthesis. This compound and the n-propyl analogue, previously 
unreported in the literature, were synthesized and used to confirm the presence of 
ethyl isopropyl dimethylphosphoramidate in the munitions grade tabun. 

The cyano and dimethylamino substituted compounds often produced (M - 
CN)+ and (M - &H,N)+ EI fragmentation ions, respectively. Significant m/z 44 
ions, observed for compounds containing the dimethylamino substituent, were prob- 
ably due to (C2H6N)+ ions. 

Fragmentation was more extensive under methane CI than ammonia CI for 
all the compounds studied. This was due to the more energetic ion-molecule reactions 
occurring under methane CI. The fragmentation ions were similar to those observed 
under EI operation with the exceptions being the presence of (M + H)+ and in some 
cases (M + CzHS)+ pseudo molecular ions. Table III summarizes the principle meth- 
ane CI ions observed for the tabun components. 

GC retention indices 
The GC retention indices of the compounds identified, relative to a homolo- 

gous series of n-alkane standards under temperature programming conditions, were 
determined using capillary columns coated with DB-1, DB-5 and DB-1701 films ac- 
cording to a previously described method lo. These data (Table IV), along with the 
mass spectra acquired should aid other researchers confronted with the analysis of 
samples alleged to contain tabun. 

Retention indices were found to increase with column polarity. Small index 
changes (ARI) of 45 to 66 units were observed between the DB-1 and DB-5 stationary 
phases. However, the relative ordering of the six components remained the same. A 
different retention order and considerably larger AR1 values (142 to 270) were 
observed between the DB-5 and the more polar DB-1701 column. Most notable were 
the large AR1 values of 208 and 270 obtained for tabun and tetramethylphospho- 
rodiamidic cyanide. It appears that the cyano functional group of the DB-1701 film 
exerted considerable influence on these, the only two compounds, with a cyano sub- 
stituent. 
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Distillation of the munitions grade tabun 
The munitions grade tabun was distilled and tthe fraction boiling at 97-975°C 

was collected in an unsuccessful attempt to obtain pure tabun. Tabun still accounted 
for about 75% of the GC-FID chromatogram obtained. Components 2 through 5 
(refer to Table II) were present at l%, 12%, 6% and 6%, respectively. The sixth 
component, tetramethylphosphorodiamidic cyanide, was not detected during capil- 
lary column GC-FID analysis. 

TABLE III 

METHANE CHEMICAL IONIZATION MASS SPECTRA OF COMPOUNDS IDENTIFIED IN 
MUNITIONS GRADE TABUN 

Compound name Molecular 
weight 

m/z 

Ethyl dimethylphosphoramide- 
cyanidate (tabun) 

Triethyl phosphate 

Diethyl dimethylphosphoramidate 

Ethyl isopropyl dimethyl- 
phosphoramidate 

Ethyl tetramethyl- 
phosphorodiamidate 

Tetramethylphosphoro- 
diamidic cyanide 

195 

162 163 
136 
135 
108 
70 

182 183 
155 
127 
113 
99 

181 210 
182 
154 
140 
126 
124 
108 
196 
195 
182 
154 
153 
140 
126 
124 
108 
209 
181 
180 
153 
137 
135 
108 
162 
135 
117 
92 

180 

161 

Relative 
intensity 

34 
100 

56 
61 
40 
73 

100 
51 
24 
40 
4 

100 
40 
15 
20 
20 
20 
10 
13 
11 

100 
26 
10 
14 
13 
16 

5 
100 
44 
25 
23 
21 
20 
63 

100 
11 
19 
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TABLE IV 

GC RETENTION INDICES FOR COMPOUNDS IDENTIFIED IN MUNITIONS GRADE TABUN 
ON DB-1, DB-5 AND DB-1701 FUSED-SILICA CAPILLARY COLUMNS 

Compound name Retention index* 

DB-I DB-5 DB-I 701 

Ethyl dimethylphosphoramido- 
cyanidate (tabun) 

Triethyl phosphate 
Diethyl dimethylphororamidate 
Ethyl isopropyl dimethyl- 

phosphoramidate 
Ethyl tetramethylphosphoro- 

diamidate 
Tetramethylphosphorodiamidic 

cyanide 

1077.9 f 0.3 1131.6 f 0.5 1339.8 f 0.2 

1090.5 f 0.1 1137.2 f 0.4 1308.5 f 0.8 
1096.6 f 0.6 1145.2 f 0.1 1295.6 i 0.2 
1121.4 f 0.4 1166.6 f 0.5 1308.5 f 0.8 

1158.7 f 0.3 1216.6 f 0.6 1392.8 f 0.6 

1179.5 f 0.6 1245.7 f 0.3 1514.7 f 0.5 

l Retention indices expressed as a mean f S.D. (n = 3). 

Tabun synthesis 
In order to obtain pure material, tabun (compound I) was synthesizeds ac- 

cording to the following scheme. 

POCIJ + (CH&NH . HCl --, (CH&NPOClp2 + 2 HCl 
(CH&NPOC12 + C2H50H + 2 KCN + (CH&NPO(CN) (OCzHS) + 

(I) 2 KC1 + HCN 

Tabun was isolated by fractional distillation and unlike the munitions grade material 
was found to constitute 100% of the organic content based on capillary column 
GC-FID analysis. 

The impurities identified in the munitions grade tabun, probably resulted from 
the original large scale synthesis or from decomposition on storage. In order to in- 
vestigate this possibility pure tabun was heated in glass at 200°C for 20 min. This 
material was cooled and examined by capillary column GC-MS. All the tabun im- 
purities, except ethyl isopropyl dimethylphosphoramidate, thought to be due to the 
presence of isopropanol in the ethanol used during munitions synthesis, were ob- 
served. 

Tabun accounted for 80% of the organic content in the GC-FID chromato- 
gram and, compounds 2, 3, 5 and 6 contributed 0.4%, 5%, 0.2% and, 3%, respec- 
tively in the thermally treated sample. The remaining FID signal was due to two 
components of molecular weight 269 and 288. Pseudo molecular (M + H)+ ions at 
m/z 270 and 289, obtained during ammonia CI analysis, confirmed the molecular 
weights of these thermolysis products. These two compounds, as yet unidentified, are 
probably two sets of diastereomers. The EI and CI data were identical for both 
contributing GC peaks observed for each component. Pyrophosphate structures are 
being considered. 

Based on the results described above it appears that a proportion of the com- 
ponents found in the munitions grade tabun resulted from disproportionation of the 
tabun either during synthesis or in storage. 
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CONCLUSIONS 

We have reported the application of ammonia CI for the detection and iden- 
tification of organophosphorus chemical warfare agents. This technique provides 
excellent molecular ion information with minimal fragmentation and aided in the 
identification of five impurities, three of which were previously unreported, in mu- 
nitions grade tabun. 

The GC and mass spectral data provided are sufficient for the identification of 
tabun and its impurities. The relative proportions of tabun impurities may also pro- 
vide analysts with information on origin or synthesis method when dealing with 
samples contaminated with this chemical warfare agent. 

Tabun was found to disproportionate upon heating. All the impurities ob- 
served except ethyl isopropyl dimethylphosphoramidate can be accounted for by this 
mechanism. This compound, thought to be formed due to isopropanol impurities 
during origin synthesis of the munitions grade tabun, was synthesized along with the 
n-propyl analogue for confirmation purposes. 
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