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Aqueous solutions of sarin (isopropyl methylphosphonofluoridate) 
and soman (pinacolyl methylphosphonofluoridate) degrade at minimum 
rates between pH values 4-7 (Epstein 1974). Dilute aqueous solu- 
tions containing I0-20 ~g per ml (approximately I0-4 M) at an in i -  
t ia l  pH 5 degrade at minimum rates (Ell in et al. 1981). In this 
paper we report that more concentrated solutions containing 0.2 to 
2.0 mg/ml (approximately I0-3 and I0-2 M) degrade more rapidly 
than lower concentrations. Since degradation is signif icant at 
25~ in the course of a working day, the concentration of a sample 
should be addressed throughout an experiment. Procedures used to 
determine organophosphorus concentrations are by enzyme inhibit ion 
analysis (Voss 1968) and/or gas chromatographic procedure provided 
in this report. For a more convenient method, an equation was de- 
rived which permits the investigator to determine the concentra- 
tion of a degraded aqueous sample of sarin or soman by taking a pH 
of the solution. 

MATERIALS AND METHODS 

Sarin and soman were determined to be 99.5 mole % respectively by 
proton and phosphorus nuclear magnetic resonance analysis. Solu- 
tions of each compound were prepared in d is t i l led water at a con- 
centration of 2 mg/ml. Lower concentrations were made by dilution 
with d is t i l led  water. Stabi l i ty studies were performed at -15~ 
and 25~ For the -15~ studies, solutions were placed in indi- 
vidual glass test tubes, stoppered with screw caps and stored in 
a constant-temperature freezer. At selected time intervals, the 
contents of the tubes were thawed to room temperature prior to 
assay. Solutions were kept in an incubated waterbath for studies 
at 25~ In assays of sarin, 0.2 ml of 2 mg/ml and 2 ml of 0.2 
mg/ml were used; for soman, O.l ml of 2 mg/ml and l ml of 0.2 mg/ 
ml were used. Samples were assayed in duplicate. Dist i l led water 
was added to make a final volume of lO ml. Final concentrations 
of sarin and soman were 2.86 x I0-4 Mand l.]O x I0-4 M respect- 
ively. Two grams of sodium chloride were then added. To the 
sarin assay lO0 ~l of diisopropyl methylphosphonate (DIMP) in 
water (0.5 mg/ml) were added. For the soman assay lO0 ~l of di- 
ethyl ethylphosphonate (DEEP) in water (0.5 mg/ml) were added. 



DIMP and DEEP are internal standards. One hundred ~I of CHCl 3 was 
added, the tube was wrist-shaken for one minute, then centrifuged 
for  3 minutes at 1,200 rpm. One ~I of CHCI 3 was injected into a 
Hewlett Packard Model 5880A gas chromatograph f i t t e d  with a packed 
glass column 6 f t  x 4mm i . d . ,  containing 10% OV-17 stat ionary phase 
on a Chromosorb HP 100/120 support. For the assay of sar in,  the 
temperature conditions were: in ject ion temperature 180~ detector 
temperature 250~ i n i t i a l  oven temperature 140~ for  5 minutes, 
then programmed 15~ to a f inal  hold temperature of i80~ 
Isothermal conditions at 170~ were used for  soman. The chromato- 
graph was equipped with a flame ionizat ion detector. The flow rate 
of helium car r ie r  gas was 14 ml/min. Area-concentration plots for  
sarin and soman were l inear  from 10-800 ~g. Slopes were reproduc- 
ib le with a coef f ic ient  of var iat ion of less than • 2%. The ex- 
t ract ion ef f ic iency for  sarin was 50% (• 5%) compared to 100% 
(• 2%) for soman. This may be due to the water so l ub i l i t y  of sa- 
r in (completely miscible) compared to soman (21 gm/ l i ter ) .  

RESULTS AND DISCUSSION 

The degradation of aqueous 2.0 and 0.2 mg/ml concentrations of sa- 
r in  and soman at -15~ and 25~ are shown in Tables 1 and 2. The 
major degradation products, the corresponding phosphonic acid and 
HF, are responsible for  the drop in pH. The pH of sarin solutions 
fa l l s  below pH 4 faster  than soman solut ions. Af ter  24 h at 25~ 
the 2.0 and 0.2 mg/ml sarin solutions degraded 98 and 19% respect- 
ively. Sarin concentrations showed considerable degradation even 
a f ter  one day at -15~ At th is  temperature soman solut ions, 
quantitated by the gas chromatographic procedure given above, re- 
tained potency during the f ive day test  period. At 25~ 2 mg/ml 
soman solut ions degraded I% per hour during the f i r s t  4 hours, 
then more rapidly,  such that 62% was hydrolyzed a f ter  24 h. A 0.2 
mg/ml soman solut ion was stable for  8 h; only 8% degraded af ter  
24 ho 

An equation was derived for  estimating the degradation of sdrin 
or soman in aqueous solut ions. This was established by using a 
proton balance equation where the sum of the concentration for  
species that  form by proton consumption is equal to the sum of the 
concentration terms for  species that are formed by the release of 
a proton (Martin et a l .  1961). The species of major concern are 
HF for  both sarin and soman and isopropyl methylphosphonic acid 
(IPA) and pinacolyl methylphosphonic acid (PPA) respectively for  
sarin and soman. 

The s t a b i l i t y  of aqueous unbuffered solutions of sarin and soman 
are pH dependent. Between pH 4 to 6 hydrolysis is both minimal 
and constant; below pH 4 the i r  rates of hydrolysis increase ex- 
ponent ia l ly.  The concentration of sarin and soman solut ions 
af fect  rates of hydrolysis because of subsequent pH changes 
caused by hydrogen f luor ide and the corresponding phosphonic acid. 
Equivalent concentrations of sarin are less stable than those of 
soman since the phosphonic acid formed from sarin is more acidic 



Table I. Stabil i ty of aqueous solutions of sarin and soman 
at 25~ 

% Remaining 
Time 2 mg/ml 0.2 mg/ml 2 mg/ml 0.2 mg/ml 

h sarin soman 

0 I00 I00 I00 100 
2 91 I00 99 I00 
4 85 98 95 I00 
8 54 92 87 I00 

15 16 87 70 94 
24 2 81 38 92 

Table 2. S tab i l i t y  of  aqueous solut ions of sarin and soman 
at -15~ 

% Remaining 
Time 2 mg/ml 0.2 mg/ml 2 mg/ml 0.2 mg/ml 
days sarin soman 

0 I00 I00 I00 I00 
1 80 84 98 I00 
2 64 71 97 I00 
3 54 57 97 98 
4 40 48 I00 102 
5 24 30 99 I00 

The proton balance equation for sarin or soman is:  

(H30+) = (OH-) + (AI-)  + (A2-) (1) 
where (A2-) is f luor ide concentration and (AI-)  is the 
corresponding phosphonate concentration. The equations 
for concentrations of A I -  and A 2- as functions of (H30+) 
are: 
(AI-)  = KICHAI ~2) (A2-) = K2CHA2 (3} 

(H3 0+) + K 1 (H3 0+) + K 2 
where K is the dissociat ion constant of the phosphonic acid 
and CHA is the concentration of dissociated and undissociated 
acid. "pK a values for  HF, IPA and PPA are 3.19, 1.96 (Epstein 
1974) and 2.54 (Harris et a l ,  1964) respect ively.  On subst i -  
tu t ion into equation ( I ) ,  the proton balance equation becomes: 

(H30+) = Kw + KICHal + K2CHA2 (4) 

(H30+~ (H3)+) + K 1 (H30+) + K 2 

Equation (4) can be rearranged to: 

(H30+) 4 + (H30+)(KI +K 2) + (H30+) 2 (KIK2-Kw-KICHAI-K2CHA2) - 

(H30+)(Kw(KI+K2)+KIK2CHAI+KIK2CHA2) - KIK2K w : 0 (5) 



5"OF �9 SOMAN 
I~ /~. SARIN I 0.2 mg/ml 

I~ �9 SOMAN 

3.0  "" - -  - -  - - , l ~  . . . . . .  

a 

0.0 I I I I I 

0 20  40  60  80  100 

PERCENT HYDROLYSIS 

Fig. l The change in pH of aqueous solutions of sarin and soman 
with hydrolysis at 25~ The solid and spaced lines are calcu- 
lated from Eq. (7). The symbols are experimental values~ 

All terms containing K w (dissociation constant of water) may be 
ignored. During hydrolysis of sarin and soman, equal molar con- 
centrations of phosphonic acid and HF are produced. Since 
CHA 1 = CHA 2, equation (5) simplifies to: 

(H30+)3+(H30+)2(KI+K2)+(H30+) [KI+K2-CHAI(KI+K2) ] - 

2CHAIKIK 2 = 0 (6) 

The concentration of the phosphonic acid equates to: 

= (H30+) [ (H30+)+KI ] [ (H30+)+K2 ] 
CHAI 

(H30+)(KI+K2)+2KIK2 

(7) 

pH values were experimentally determined at the time solutions 
of sarin and soman degraded. A plot of pH values calculated 
from Eq. 7 versus determined pH values for 2 mg/ml and 0.2 mg/ml 
sarin and soman resulted in curved lines (Figure I)o Experimen- 
tal pH values were in excellent agreement with calculated values~ 

than that of soman. The use of buffers to maintain stabil ity is 
not recommended as anions of buffers can act as nucleophiles which 
catalyze hydrolysis (Ellin et alo 1981). 



An equation is presented which permits an investigator to deter- 
mine the concentration of the corresponding phosphonic acid and 
consequently the concentration of sarin or soman by taking a pH 
of degraded aqueous samples~ 
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