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. . . . the threat of chemica! agents .... 



CHAPTER 1 

INTRODUeTION 

In our sophisticated world a potential threat which man may be ex

posed to when involved in hostilities is an attack with chemica! warfare 

agents. Exceedingly toxic compounds are the so-called nerve agents, organo

phosphorus compounds of the general formula 

where R1 and R2 are alkyl, alkoxy, aryloxy, etc., Y may be fluoride, cya

nide, aryloxy, w-(dialkylamino)alkylthio, etc. and Z is either oxygen or 

sulphur. Their name is derived from their disturbing influence on the trans

mittance of nerve stimuli. Stimuli, originating from the brain, are trans

mitted via nerves to muscles as at the end of a nerve cell acetylcholine is 

liberated, which stimulates a muscle cell to contract. Acetylcholine is con

tinuously hydrolyzed by the enzyme acetylcholinesterase (1): 

enzyme-OH + acetylcholine--+ enzyme-0-acetyl + choline 

+ H2o ! 
enzyme-OH + acetic acid 

When poisoned by a nerve agent the enzyme is irreversibly inactivated by 

phosphorylation of its active site: 
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enzyme-OH + HY 

Acetylcholine is not hydrolyzed any more, leading to a continuous stimula

tion of the muscle which induces erarop and, finally, paralysis. If this occurs 

to muscles of the heart or the respiratory system the consequences are 

lethal. 

Depending on their volatility nerve agents operate mainly via the res

piratory system (G-agents) or penetrate via the skin (V -agents) and, conse

quently, proteetion can be provided by filters and clothing, respectively. 

This thesis deals with the proteetion against G-agents. Up to now 

active carbon has been widely applied as adsorbent in filters because of its 

large surface area, being about 1000 m2 /g. Impregnation of active carbon 

with various salts and oxides achieves a decomposition of several toxic 

vapours when adsorbed. Ho wever, the decomposition of adsorbed nerve 

agents being negligible, desorption would be perilous. Moreover, the ad

sorptive capacity of active carbon deercases rapidly in a humid atmosphere. 

Therefore, at this laboratory an investigation has been initiated to develop 

a new type of adsorbent, which should not only be able to adsorb nerve 

agents but also to decompose these toxic compounds into less harmful prod

ucts. We use to call such adsorbents "self-decontaminating". They will be 

useful in gasrnaska and filters as well as in paints and permeable clothing. 

In this investigation sarin (isopropyl methylphosphonofluoridate) has 

been ohosen as a specimen of a G-agent. lts terrifying pharmacological ac

tivity was discovered in Germany before World War II. At room tempera

ture sarin has a vapour pressure of about 2 Torr and shows a volatility of 

12 x 103 mg/m3, which is oomparabie to that of kerosene. An atmosphere 

containing 10 ppm sarin is likely to kil! about half the people that is ex

posed to·it for 10 minutes (2). 

With respect to decontamination an interesting decomposition of sarin 

would be a reaction invalving P-F bond cleavage; isopropyl methylphosphonic 

acid has been shown to be biochemical inert (3). The rate of neutral hy-
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drolysis of sarln bas been reported to be low (k = 0.6 x 10-4 min-1, ref.4), 

however, that of alkaline hydralysis offers more perspectives (k 1. 6 x 
3 -1 -1 

10 1. mole . min , ref. 5). Therefore, it was thought worthwhila to start 

the lnvestigation with a material capable to adsorb sarln and to activate the 

hydrolysis of the P-F bond. Moreover, the surface structure of this ad

sorbent should be well-known and less complicated than that of impregnated 

active carbon. Finally, the material was needed to be transparent to infra

red radlation since that would enable to record infrared spectra of adsorbed 

species, which were believed to provide important information about adsorp

tion structures. 

For these reasons y-alumina was chosen; its structure and surface 

properties have been extensively studled and infrared spectra of a wide 

variety of compounds adsorbed on alumina have been reported (6, 7, 8). 

Preliminary experiments showed that sarin is rapidly and strongly 

adsorbed on y-Al20 3; measurements with radio-active labeled sarin demon

strated that migration of adsorbed sarin molecules over the surface is neg

ligible (9). In addition, y-alumina proved to be active with respect to the 

hydralysis of adsorbed sarin. 

This study lncludes a qualitative and quantitative investigation of the 

decomposition of sarln adsorbed on y-alumlna and on some other adsorbents. 

Qualitative results have been obtained from a spectroscopical investigation 

of the adsorbed species, as described in chapters 3 and 4. This required 

a detailed knowledge of the vibrational spectrum of pure sarln, hence being 

discussed in chapter 2. 

The results of a quantitative investigation of the decomposition reac

tions, observed in infrared spectra, are given in chapters 5 and 6. Besides, 

the decomposition of adsorbed sarln has been studied using a microcalori

meter. Both the technique and the results, obtalned with this instrument, 

are described by Van Bokhoven (9). Because the very same reaction sys

tem bas been studled the reader will frequently be referred to the results 

of this microcalorimetrie lnvestigation. 

At the back of this book a gatefold page bas been added with an ex

planatory list of abbreviated notations of organophosphorus compounds used 

throughout this study. 
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CHAPTER 2 

THE VIBRATIONAL SPECTRUM OF SARIN 

2. 1 INTRODUCTION 

Vibrational spectroscopy can be a valuable technique to study ad

sorbed molecules. For instance, alterations in the spectrum, evidently in

duced by adsorption, may be indicative for the nature of the interaction be

tween adsorbent and adsorbate. Likewise, changes in the spectrum of the 

adsorbed species with time may yield information concerning type and 

progress of possible decomposition reactions. 

It will be obvious that such information can only be worthwhile if a 

reliable interpretation of at least part of the vibrational spectrum of the 

compound, .to be adsorbed, is available. 

For this reason this chapter deals with the interpretation of the vi

brational spectrum of sarin; the assignment of the stretching fundamentals 

of the sarin skeleton (hydrogen stripped sarin molecule) will be emphasized. 

The literature in the field of the spectroscopy of organophosphorus com

pounds is rather extensive, however, in spite of this (or just for that very 

reason) the same infrared or Raman bands are not invariably assigned to 

the same vibrations. The origin of part of the noticed disagreements will 

become apparent in this chapter. 

Consequently, the interpretation of the spectrum of sarin has not been 

based only on literature data, but also on the vibrational spectra of sardin, 

DFP and DMPF (see gatefold page). 

As the assignment of the P =0 and P-F stretching vibrations did 

not cause much problems (see the literature), the corresponding P = S 

(thiosarin) and P-Cl (chlorosarin) compound have not been included. How-
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ever, these compounds do occur in Table 2. 9, which has been added for 

further use in chapter 3. 

It is noteworthy, that most vibrations appear in infrared at frequen

cies slightly different from those measured in Raman. This essentially orig

inates from instrument inaccuracies. In the text infrared and Raman fre

quency values. will be used indifferently; in Tables 2. 6 and 2. 7 the mean 

values of the corresponding infrared and Raman frequencies are reported. 

2.2 EXPERIMENTAL 

Infrared spectra were recorded on a Grubb-Parsons "Spectromajor" 

grating-prism spectrometer. For all compounds the infrared spectrum was 

obtained from a capillary film of 7-10 micron thickness between KBr-plates. 

Raman spectra we re recorded on a Jeol JRS-Sl spectrometer, 

equipped with a model 52 Coherent Radiation argon-ion laser, its power 

being reduced tó 200 mW at the sample position. The spectra were recorded 

using a 0. 05 ml quartz cell. Depolarization ratios were calculated from two 

scans with different polarizations, which was attained by turning a polarizer, 

placed between the Raman collecting lens and the entrance slit, over 90°. 

All organophosphorus compounds were synthesized on the department 

of organic chemistry of this laboratory. 

Sarinwas prepared via a modilied "Di-Di" reaction between CH3POC12, 

CH3POF 2 and isopropanol (1). Diaetylamine was used as a tertiary base to 

account for acidic contaminations like hydragen chloride, hydrolyzed com

pounds, etc. The efficiency of this procedure was checked via a determina

tion of the quantity of free acid in the sample by NH40H titration (% free 

acid). 

Sardin was synthesized simHar to sarin, using isopropanol-d 7. 

DFP was prepared essentially according to Saunders and Worthy (2), 

starting from phosphorus trichloride and isopropanol. The resulting diiso

propyl phosphonate was converted into the corresponding phosphorochloride 

and subsequently in the fluoride with ammonium fluoride. 

DMPF was prepared from the corresponding chloride by reaction 

with dry hydragen fluoride (3). Dimethylphosphinoic chloride was synthesized 

from tetramethyl bisphosphinoic disulfide (CH3)2P(o=S)(S=)P(CH3)2, according 

to a procedure, described in the literature (4). 
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Table 2. 1 

Analytica} data of the investigated compounds 

%C %H % p % F 
Compound % % 

obs. calc. obs. calc. obs. calc. obs. calc. purity free acid 

Sarin 34.45 34.29 7. 12 7.:w 22. 10 22. 11 13.54 13.56 99.2 0.03 

Sardin 97.7 0.17 

DFP 39.22 39.13 7.76 7.66 16.64 16.82 10.33 10.32 99.4 0.00 

DMPF 25.15 25.01 6.22 6.30 32.06 32.25 19.82 19.78 99. 1 

2. 3 DISCUSSION OF THE SPECTRA 

Sarin has no elements of symmetry other than E, so the molecule 

belongs to point group c
1

. With 18 atoms there are 48 fundamental vibra

tions, all of them are allowed in the Raman and infrared; all Raman bands 

should be polarized. The 48 fundamentals split into 17 stretching and 31 de

formation modes. Eighteen fundamentals result primarily from c
3

-0-P(=O)FC 

vibrations, the remaining 30 fundamentals are due to carbon-hydrogen vibra

tions. The fundamentals of the c3-0-P(=O)FC group are again divided into 

7 stretching and 11 deformation vibrations, which leave 10 stretching and 

20 deformation modes for the carbon-hydrogen vibrations. In a more sche

matic way: 

n 18 

n 8 

n-1=17 stretchings 
3. n-6=48 fundamentals { 

2n-5=31 deformations 

P=O 
P-F 
P-C 
P-0 
o-e 

{ 

n-1=7 

3. n-6=18 fundamentals 

2n-5=11 deformations 

str. c-c-c 
c-c-c 

17- 7=10 stretchings 
left for C-H vibrations: 48-18=30 fundamentals { 

31-11=20 deformations 

14 
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The infrared and Raman spectrum of sarin are shown in Fig. 2.1. 

The assignments, listed in Table 2. 2, have been made on the basis of the 

literature in the field of organophosphorus compounds and by comparison 

with the spectra of sarin, DFP and DMPF. These spectra are shown in 

Figs. 2. 2, 2. 3 and 2. 4 and the assignments are given in Tables 2. 3, 2. 4 

and 2. 5. 
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Figure 2. 1 

lnfrared and Raman spectrum of sarin. 
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Figure 2. 2 

Infrared and Raman spectrum of sardin. 

15 



o/oabs 

%abs 

16 

50 

100 

100 

50 

• 

cm-1-
3000. 2000 1500 1000 500 0 

olli~-'== ~~~-~~~~ 
3000 2000 

L:>cm-1 

Figure 2. 3 

Intrared and Raman spectrum of DFP. 

cm-1 
3000 tc;00"-'0:.,......_~~-"'500 

50y-·-~~ 

100 

2000 1500 0 

100 

0 

Figure 2.4 

Intrared and Raman spectrum of DMPF. 



Table 2, 2 

Vibrational spectrum of sarin 

lnfrared Raman dep. ratio <JSSignment 

--·--· 
3006 sh 0.7 \Jas CH3 (me) 

2985 2992 s 0.7 V as CH3 (ipr) 

2932 m 2935 vs 0.0 v 5 ,Cff;, (roe)+ vs CH3 (ipr) 

2878 w 2880 m 0.0 V-::;;C-H 
2835 w 0.4 2 x 1426 = 2852 

1724 w 721 + 1014 = 1735 

1468} 
1461 

m 1460 m 0.5 Ö as CH3 (ipr) 

1419 w 1426 m 0. 6 Ó as CH3 (me) 

1390} 
1380 

m 1394 w 0.5 0 s CH
3 

(ipr) 

1351 w 1360 m 0. 6 o:::::C-H 

1320 1328 w 0.1 o/CH 
s 3 (me) 

1277 vs 1279 m 0. 1 \) P=O 

1180 m 1185 m 0.1 

} 1145 m 1147 m 0.7 CH3 ( ipr) rock 

1106 m 1105 m 0.2 

1014 vs 1018 mw 0.4 V C-0-(P) 

936 w ~0.7 v c-c-c as 
921 926 w ~o.5 

} CH
3 

(me) rock 
905 s 912 w ~0.7 

884 sh 888 m 0.2 \) c-c-c s 

835 840 w 0.7 \! P-F 

790 sh \) P-C isoroer 2 

778 ros 780 m 0.2 \) P-C isomer 1 

721 ms 726 vs 0.0 \i P-0-(C) isomer 1 

700 sh ~o.o V P-0-(C) isomer 2 

685 w -0.2 278 + 410 = 688 
154 + 258 + 278 =690 

504 ms 506 m 0.2 P-0-C bend? 

450 w 455 w ~0.7 

410 m 0.3 
316 m 0.4 
278 m 0.6 
258 m 0.5 
154 m 0.4 

m, s, sh, v, w denote medium, strong, shonlder, very, weak, respectively. 
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Table 2. 3 

Vlbrational spectrum of sarclin 

lnfrared Raman dep.ratio assignment 

3000 mw 3008 m 0.6 \!as CH3 
2930 mw 2936 vs o.o \! s CH3 

2830 w 2826 w 0.0 
2470 w 0.0 

2320 w 2319 w 0.0 2 x 1160 2320 

2235 m 2243 s 0.6 \1 as CD3 
2185 w 2187 s o. 1 \Is CD3 out-of -phase 
2130 w 2134 vs o.o v

8
,cD3 in-phase 

2069 w 2070 s 0.0 V -C-D 
/ 

1680 w 663 + 1016 1679 
1650 w 663 + 996 = 1659 

1416 mw 1425 m 0.7 oas CH3 
1320 s 1325 w o. 2 6

8 
CH3 

1281 vs 1285 s 0.1 V P=O 

1238 m 1242 w 0.7 Ö as CD3 
1156 s 1160 m 0.2 Ó

8 
CD3 

1068 m,sh 1070 w,sh 0.4 CD3 rock 
1055 w,sh 1054 ms 0.5 Ó~C-D 
1025 sh 1028 w CD3 rock 

1016 vs 1018 m ~o.o \! C-0-{P) 
996 vs 1002 w,sh 'J C-0-{P) + CD3 rock 

930 m 935 m 0.3 
} CH3 rock 910 ros 913 m o. 3 

888 sh 890 w,sh v as c-c-c 
836 s 840 w 0.6 \! P-F 
781 m 783 s 0.1 \1 C-C-C s 
752 m 755 m 0.3 \! P-C 
663 m 664 vs 0.0 \! P-0-{C) 

493 ms 496 s 0.2 P-0-C bend? 
475 w,sh 
450 w 452 w 0,5 

420 w 0.7 
367 w 0.1 
340 w 0.6 
295 w 0.7 
265 m 0.6 
248 m 0.5 
150 w 0.5 
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Table 2.4 

Vibrational spectrum of DFP 

lnfrared Ram au dep. ratio assignment 

2990 vs 2993 s 0. 7 \Jas CH3 
2940 m 2946 vs 0.05 V 

5 
CH

3 
out-of-phase 

2910 2930 vs 0.0 V s, CH3 in-phase 
2880 w 2881 s o.o 'V;;;C-H 

2776 w 0.0 

2744 w 0.0 

1758 'V C-0-(P) 'V P02 s 

1470 m } 1459 0.75 ó 
1450 

s CH3 m as 

1387 m } 1394 0. 7 0 
1380 m s CH3 

1360 rn !362 m 0. 6 ó;,c-H 
1340 sh 1344 sh 

1310 s, sh 'V P=O isomer 2 

1295 vs 1300 rn 0. 1 v P~o isomer 

1175 m 1182 m 0.1 } 1140 1146 0.75 CH3 rock 

1105 1105 0. 3 

1035 vs,sh 'V C-0-(P) isoroer 2 
1020 1030 rn 0.4 •; C-0-(P) isomer 1 

930 0. 75 C-C-C 

902 902 s 0.4 'V 
s 

870 sh 'v P-F isomer 2 

864 m 867 w ~0.7 'J P-F isomer 1 

773 w 780 as P02 isomer 

743 w 747 vs 0.0 'v s P02 isoruer 

720 w,sh 724 vs 0.0 V s POz isomer 2 

560 

550 550 w 0.7 P-0-C bend? 

510 512 "' 0. 3 P02? 
485 sh 

448 sh 

428 m 0.1 P02? 

m 0.5 
295 m 0. 5 
255 0.4 

w ~~o. 2 

F 'J P= 0 (p) 

'-.,/ 'V (p) 

/p'\. 6 A' s 
V 2x (p) 

c
3

o 0 (C,) V C-C-C. 2x \p) 
n-1::10 str.----!> 

n::;:.ll 3n-6::-.27 fund. l ( V P-F (dp) 

C5 symmetry 2n-5""'1ï def. 4 A"t vas P02 (dp) 

V as C-C.-C 2x (dp) 

19 
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Table 2. 5 

Vibrational spectrum of DMPF 

lnfrared Raman dep. ratio assignment 

3000 m 3001 m o. 75 V as CH3 
2930 m 2928 s 0.01 v

8 
CH3 

1420 
1430 m 0.7 

} 5 as CH3 m 
1414 0.7 m 

1390 vw 
1315 s } 1320 0.3 ö w 
1305 s s 

1247 vs 1246 m o. 1 'v P=O 

938 s } 920 sh 
928 m 0,1 CH3 rock in-phase 

882 s 887 w 0.7 C~ rock out-of-phase 

847 vw 856 vw 0.7 2 x 261 + 332 = 854 

806 s 815 w 0.4 V P-F 

762 m 764 m 0. 7 \i as PCz 
695 mw 699 vs 0.02 V PCz s 

410 mw 415 m 0.5 O=P-F bend in-plane 
406 m o. 75 O=P-F bend out-of-plane 

332 mw 0.7 wag 
280 m 0.7 twist 

261 m 0.7 PC2 def 

A'{ 
V P=O (p) 

(C5 ) { 3 
V P-F (p) 

n-1=4 str.- v, PC2 
(p) 

c""- /F 
A" V (dp) as 

p~ 3n- 6=9 fundamentals 
6 O=P-F i.p. (p) c/ ~o 

'•·>~ M<.~{' A'l 
'U PCz {p) 

n=5 6 PC2 (p) 

C5 symmetry 
2 A"{ 

6 0= P-F o.o.p. (dp) 

T PCz (dp) 
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Table 2. 6 

Comparison of some fundamentals of sarin and sardin 

Fundamental sarin* sardin* VH/VD 

V P~O 1278 1283 1.00 

V P-F 838 838 1.00 

V P-C 779 754 1.03 

V P-0-(C) 724 663 1.09 

V C-0-(P) 1016 1017,999 1. 00, 1. 02 

v. c-c-c 886 782 1. 13 

\)as c-c-c 936 889 1.05 

V s CH3 (me) 2935 2936 1. 00 

V as CH3 (me) 3006 3008 1.00 

v. (ipr) i. ph. 2920 (DFP) 2132 1. 37 

V
8 

CH
3 

(ipr) o.o. ph. 2943 (DFP) 2186 1. 35 

V as CH3 (ipr) 2989 2239 1. 33 

V -C-H 2879 2070 1. 39 

6 s CH3 (me) 1324 1323 1.00 

ó as (me) 1423 1421 1.00 

6 (ipr) 1390 1158 1.20 
s 

6 as c~ (ipr) 1426 1240 1.18 

6 ;;e-H 1356 1055 1. 29 

p (me) 924 933 0.99 

909 912 1.00 

p CH3 (ipr) 1183 1069 1.11 

1146 -1030 1. 11 

1106 998 1.11 

* Mean value of infrared and Raman frequency. 
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Table 2. 7 

Summary of the fundamental stretx:hings of the 
R''. -f'O 

skeleton p 

R"/ '-.F 

Fundamental Sarin Sardin DFP DMPF 

'J P=O 1278 1283 1295-1310 1247 

'J P-F 838 838 867 811 

'J P-C 779 754 697,763 

'J P-0-(C} 724 663 720- 780 

'J C-0-(P) 1016 1017,999 1020-1035 

\) s c-c-c 886 782 902 

'Jas c-c-c 936 889 934 

C-H/C-D stretchinga 

The spectra of sardin clearly demonstrate that the sarin molecule 

performs six distinct C-H stretching vibrations, split into two methyl and 

four isopropyl bands. It is known, that a CH
3
-group can perform two dif

ferent asymmetrical stretching vibrations in molecules wîth c
1 

or C
8 

sym

metry (5). In DMPF and sardin the two asymmetrical stretching vibrations 

of the methyl group coincide or are not resolved. As was expected from 

the symmetry of the sardin molecule all Raman bands are polarized. How

ever, not all bands are polarized to the same extent. Obviously the loc al 

symmetry of groupings in the molecule is reflected in the depolarization 

ratios of the Raman bands. For instance, the depolarization ratio of the 

asymmetrie C-H stretching at 3008 cm -l in the Raman spectrum of sardin 

is 0.6, whereas that of the symmetrie stretching at 2936 cm-1 is 0. 0. 

The depolarization ratios of the four CD stretching vibrations may 

be explained by consirlering the vibration modes of the geminal d3 ~methyl 

groups with respect to the plane of symmetry passing through the oxygen, 

carbon and deuterium atom. It is unlikely that different asymmetrie CD3 
stretching vibrations can be observed. Therefore, it seems very plausible 

to expect one asymmetrie CD
3 

stretching vibration (2243 cm-I, p 0.6), 

an out-of-phase symmetrie cn
3 

stretching vibration (2187 cm-I, p 0.1) 

and an in-phase symmetrie CD3 stretching vibration {2134 cm -I, p = 0. 0). 
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Finally, the band at 2070 cm-1 is assigned to the ?c-D stretching vibra

tion, which has to be symmetrie. 

C-H deformations 

The assignments of the C-H deformation vibrations in the frequency 
-1 

range of 1500 1300 cm have been made by comparison with the spec-

trum of sardin. In sarin the absorptions of the 6 CH
3 

(ipr. ) and o CH
3 as s 

(ipr.) appear as doublets. This phenomenon is usually found for an iso-

propyl group (6 p. 139, 7 p. 21) and is indicative for strained methyl groups 

in an unusual orientation. 

CH 3 rocking modes 

Several rocking modes of the CH3 groupings occur and are reflected 

in the spectra. They can be divided into rocking vibrations of the methyl 

group and of the two CH3 groups of the isopropyl grouping. Latter vibra

tions cause the three bands between 1100 and 1180 cm - 1, which are very 

characteristic for an isopropoxy group (6 p. 140, 7 p. 188, 8 p. 94). With 

the geminal CH3-groups actually four rocking modes of the isopropoxy group 

are to be expected, however, consirlering the local symmetry it appears 

very probable that at least two modes will coincide. 
-1 The doublet at about 920 cm in the spectra of sarin originates 

from the rocking modes of the methyl group directly attached to the phos

phorus atom (9). 

The 1724 cm -l combination band 

-1 
The small absorption at 1724 cm in the infrared spectrum of sarin 

must be attributed to a combination tone of the P-0 and C-0 stretching vi

brations. Ohwada has been able to assign infrared absorptions in this region 

satisfactorily for a series of organic phosphates (10). Using the assignments 

of the P-0 and C-0 stretching vibrations as they will be discussed below, 

a good agreement between observed and calculated frequencies is also found 

for sarin and some of its derivatives (see Table 2. 8). A simHar agreement 

has been observed for phosphorodichloridothioates {11, 12). 

Because of the reliability of the assignment the absorption at 1724 cm-
1 
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is very helpful in the identification of the position of the P-0 strekhing vi

bration (see below). 

Table 2. 8 

Combination band of some organophosphorus compounds 

\J P-0 + \J C-0 
compound 'V P-0 \! C-0 

calculated observed 

sarin 721 cm 1014 1735 1724 

sardin 663 1018 1681 1680 

998 1661 1650 

DFP 720 1020 1740 

743 1035 1778 1758 

thlosarin 746 1004 1750 1747 

pyrosarin 729 1015 1744 1740 

P 0 stretching 

There is no doubt that the very intense absorption at 1277 cm - 1 in 

the infrared spectrum of sarin originates from the P=O stretching vibra

tion. The phosphoryl stretching frequency range has been studled exten

sively, particularly the influence that different substituents perform on the 

position of this absorption. The double bond character of the P=O arises 

from an appreciable amount of p - d -back-bonding by overlap of filled TT TT 
p -orbitals of the oxygen with the appropriate empty d -orbitals of the TT TT -
phosphorus. Simplified one may write down: P=O = P 6+ ~ o6 (cr-bond) + 

PÇ - 0 6+ (TT-bond). As a result of the nature of this double bond the phos

phoryl frequency is sensitive to the inductive effect of substituent groups 

(13, 14, 15). It has even been possible to establish a linear relationship 

between the phosphoryl frequency and the summed group electronegativities 

of the substituents directly attached to the phosphorus atom (16). For phos

phoric trihalldes numerical values for the inductive effect have been ob

tained using the Pauling electronegativities of the substituent halogens. 

From the found linear relationship and the obscrved phosphoryl frequencies 

for other phosphorus compounds numerical values for the electronegativities 
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of a large number of substituent groups have been determined, referred to 

as "shift constants" (13), "phosphorus inductive constants" or "n constants" 

(16). As the ~ constants given by Thomas (16) have been calculated from 

the phosphoryl frequency of far more compounds than those derived by Bell 

et al. (13) these values should be more accurate, although the differences 

are less than 20%. (This is remarkable as Bell plots the wave length vs L: n 

and Thomas the frequency, but nevertheless they both find a linear relation

ship using the same values for TT. ) 

In Fig. 2. 5 the E TT values of the compounds, listed in Table 2. 9, 

are plotted vs the observed frequencies of the P=O stretching vibration. The 

solid line, that gives the best fit for these sarin derivatives, has the equa

tion: 

v (P=O) 1005 + 31 L: n (cm - 1) 

The dotted line follows the equation found by Thomas et al. (16): 

V (P=O) 
-1 

930 + 40 En (cm ) 

10-

t 9 

I 8 f-

I 

1200 1250 

--- VP~O 

Figure 2. 5 

Phosphoryl frequencies plotted vs L TT values 

I 

1300 
cm-1 

1. DMPF; 2. Ethylsarin; 3. n-Propylsarin; 4. Sarin; 5. Sardin; 6. Allylsarin; 

7. DFP; 8. Hydroxysarin (see text); 9. Chlorosarin; 10. IDMP; 11. DlMP; 

12. Pyrosarin. 

(1) 

{2) 
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Because of the possibility of hydrogen bonding Thomas did not in

clude a n value for OH-groups. From the hydroxysarin phosphoryl frequency 

of 1203 cm - 1 and following equation 1 a n value for a hydroxyl group of 

1. 6 may be calculated. This value differs considerably from the value of 

2. 3 given by Bell et al. (13). In the liquid, however, hydroxysarin molecules 

are associated: 

The hydrogen bonding will affect the frequency of the v (P=O) (17). 

Conclusive spectroscopie proof bas been supplied by Beek (18): in the infra

red spectrum of a solution of 0. 01 M di-isopropyl ethylphosphonate and 

0. 01 M phenol in CC14 the phosphoryl stretching is observed at 1205 cm - 1
, 

whereas a value of 1237 cm - 1 is found for the pure phosphonate. Obviously 

hydrogen bonding causes a shift of the v (P=O) of about 30 cm - 1. With an 
-1 assumed frequency of 1230 cm for the unperturbed v (P=O) in hydroxy-

sarin a n value of 2. 4 is obtained for the hydroxyl group, which agrees 

much better with the value given by Bell et al. 

P-F stretching 

The assignment of the sar in band at 838 cm - 1 to the P-F stretching 

mode has been made on the basis of literature data (19, 20, 21). 
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P-F frequencies plotted vs L: n valnes 
1. DMPF; 2. Ethylsarin; 3. n-Propylsarin; 4. Sarin; 5. Sardin; 6. Allylsarin; 

7. DFP; 8. OPF (0Me)
2

, ref. 30; 9. Thiosarin. 



Some pn _, dn -back-bonding is also assumed to occur with the P-F 

bond (22). Indeed, a correlation between the P-F frequency and the summed 

electronegativities of the substituent groups may be observed (Fig. 2. 6). 

C-0-(P) and P-0-(C) stretching; P-C stretching 

In the literature there has been some disagreement about the assign

ment of the band near 1000 cm-1• Thomas and Chittenden (23, 24) have 

attributed this absorption to the P-0 stretching vibration, but DÜrig et al. 

(25) and Chatt et al. (26) found this band to be characteristic for the C-0 

stretching mode. Probably the two vibrations are mixed to some extent. 

The most satisfying assignment is reached if the 1000 cm - 1 band is ascribed 

to the fundamental in which the vibrations of the c-o dominate, denoted 

v (C-0-(P)) (27 p. 217). lts counterpart, the v (P-0-(C)), must be found 

somewhere between 800 and 600 cm - 1 (26). Both the infrared and Raman 

spectrum of sarin show two relatively strong bands in this region, at 723 

and 779 cm-l respectively. One of these two is the P-0-(C) stretching vi

bration, the other one must be due to the P-C stretching mode, whose fre

quency is also expected to occur in this region (see e.g. the spectra of 

DMPF) (9). As already mentioned the combination band at 1724 cm - 1 pro

vides strong evidence that the 723 cm -l band originates from the P-0-(C) 

stretching vibration. Another indication may be obtained from a comparison 

of the Raman spectra of sarin and sardin. On account of intensities and de

polarization ratios it is concluded that the band at 726 cm - 1 in the spectrum 

of sar in is shifted to 664 cm - 1 in case of the deuterated compound, whereas 

the 780 cm-l band (sarin) moves to 755 cm-1 (sardin). (The 783 cm-1 band 

in the Raman spectrum of sardin can not be identified with the 780 cm - 1 

sarin band because of its low depolarization ratio and high intensity.) As a 

P-0-(C) vibration is supposed to show a considerably larger shift upon 

deuteration of the isopropyl group than a P-C vibration the proposed assign

ments are probably correct. 

As far as the effects upon deuteration are concerned two remarkable 

phenomena may be noticed. First, the frequency of the P-C stretching vi

bration is affected by deuteration of the isopropyl group. This indicates that 

the P-C stretching vibration is coupled with other motions in the molecule. 

SimHar features have been found before (27, 28) and in organophosphorus 

chemistry this is not infrequently encountered for other vibration modes 
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(11, 27, 29). Coupling of the \J (C-O) and \J (P-0) has already been men

tioned and will be responsible for the relatively large shift of the P-0-(C) 

stretching mode upon deuteration. In contradistinction to this the C-0-(P) 

stretching does not show such pronounced change of its frequency, going 

from sarin to sardin. Again a simtlar behaviour has been observed more 

frequently (11, 12) and once more the explanation must be found in the in

vocation of coupling with other vibrations, which implies that the motion 

involves not just a C-0 stretching vibration. 

c-c-c stretching 

Five out of seven fundamental vibrations of the sarin skeleton have 

been assigned now, two C-C-C stretchinga remain. The infrared and Raman 
-1 spectrum of DFP show two bands, at 903 and 938 cm respectively, that 

- in this case - can not be assigned to CH
3 

rocking modes. The same 

bands are observed in the vibrational spectra of diisopropyl ether, the lower 

frequency band being strongly polarized in the Raman spectrum. In DFP 

the depolarization ratio of the 903 cm - 1 band is lower than that of the 

938 cm - 1 band. Because of this spectroscopie evidence the band at 903 cm - 1 

is assigned to the symmetrie c:::::g stretching vibration and the 938 cm - 1 

band to the corresponding asymmetrie vibration. On the basis of intensity 

and depolarization ratio the band at 888 cm - 1 in the Raman spectrum of 

sarin is assigned to \Js (C-C-C). In intrared the asymmetrie stretching is 

hard to distinguish because of the rocking vibrations of the methyl group 

that occur around 920 cm-1
. The \Js (C-C-C) appears in the infrared spec

trum of sar in as a shoulder at 884 cm - 1. The intensity ratio of the two 
-1 bands that form the doublet of the methyl rocking modes around 920 cm 

in the intrared spectrum is reversed going from sarin to sardin. This might 

indicate, that the asymmetrie C-C-C stretching vibration is situated at about 

920 cm - 1 In the Raman spectrum of sar in an extra band is observed at 

936 cm-1, which is therefore assigned to v (C-C-C). For sardin the two as _
1 C-C-C stretchinga are assumed to occur at 782 cm (symmetrie) and 

-1 
890 cm (asymmetrie). 

From the spectra of DFP it may be seen that of the two c-c-c 
stretchinga the symmetrie vibration is the most intense in both infrared 

and Raman. The same rather unusual feature is observed for diisopropyl 

ether and - if the assignments are made correctly - for sarin. 
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Skeletal deformations 

For the time being it is not possible to assign reliably the deforma-
. -1 

tion modes that occur at frequencies less than 500 cm . Only for DMPF 

assignments, merely based upon literature data (23, 30), are proposed. 

Rotational isomers 

All bands in the intrared and Raman spectrum of sarin have been 

assigned now, excepted the 790 cm - 1 intrared absorption and the shoulder 

at 700 cm-1 in the Raman spectrum. The position of these bands, at both 

sides of the coupled P-C/P-0-(C} stretchings, leads us to consider the pos

sibility of having two rotational isomers. As sarin possesses a R-0-P=O 

grouping two different conformatlens are possible, which might be regarded 

as 

and 

The differences between the geometries of the two conformations 

might very well be reflected in different frequencies of the characteristic 

vibrations. Moreover, the way in which vibrations couple may düfer in the 

two isomers. Of course, not all bands may be expected to be sensitive to 

geometrical dUferences in the molecule and neither all doublets will be re

solved. However, the literature of organophosphorus compounds shows many 

specimen of rotational isomers that have been found from their vibrational 

spectra (11, 12, 25, 27, 29, 31). 

The extra bands in the spectra of sarin can be explained by the 

presence of two rotational isomers. In rotational isomer 1, by definition 

the most stabie at room temperature, the v (P-C) and v (P-0-(C)) are coupled 

and occur at 779 and 723 cm - 1, respectively. In isomer 2 coupling does not 

occur or to a less degree, resulting in a larger difference between the fre

quencies of the v (P-C) and v (P-0-(C)), which are now observed at 790 and 

700 cm - 1, respectively. Obviously in sardin only isomer 1 occurs. 

In DFP the presence of two rotational isomers can be ascertained 

more convincingly, because the two conformations occur in comparable pro

portions. The two equally intense and strongly polarized Raman bands at 

29 



747 and 723 cm - 1 must both be ascribed to the symmetrie P0
2 

stretching 

vibration. In the infrared spectrum as well as in the Raman spectrum that 

was obtained when only scattered light, polarized perpendicular to the po

larization direction of the incident laser beam, was admitted to the mono

chromator (I.d a third band is observed at 773/780 cm - 1
, less polarized, 

attributed to one of the corresponding asymmetrie P02 stretchings. The 

other vas {P02) is overlapped probably by the 747 cm - 1 band. Moreover, 

both the v{C-0-(P)), v and v (P-F) appear as doublets in the infrared 

spectrum. 

Conclusive proof for the presence of rotational isoroers can be ob

tained by running spectra at temperatures different from room temperature: 

the ratio in which the two conformations occur depends on temperature. 

Indeed, in the infrared spectrum of sarin, recorded at 70°C, the shoulder 

at 790 cm - 1 has gained intensity relative to the spectrum of Fig. 2. 1. 

lnfrared spectra of other organophosphorus compounds 

In Table· 2. 9 the infrared absorptions of some sar in derivatives have 

been listed. The adsorption of these compounds on y-alumina has been 

studled by infrared spectroscopy (see chapter 3) and for this reason the in

frared spectra are given here schematically: a condensed interpretation has 

been included. 

2. 4 CONCLUSIONS 

Assignments for all bands in the vibrational spectrum of sarin, 

falling in the frequency region of 3000 - 500 cm - 1, have been proposed. By 

comparison with some of its derivatives the stretching fundamentals of the 

sarin skeleton have been identified, whereas all C-H stretching and defor

mation vibrations could be assigned with the help of the spectrum of sardin. 

From the spectrum of this deuterated compound it appeared that several 

fundamental modes are coupled or - in other words these vibrations are 

more complex than described by simple terms like "P-C stretching". 

However, for the spectroscopie investigation of adsorbed sarin it is 

thought that sufficient knowledge about the spectrum of the pure liquid has 

been obtained. 
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CHAPTER 3 

INFRARED SPECTROSCOPY OF ADSORBED SARIN 

3. 1 INTRODUCTION 

One of the techniques that are frequently used for study of adsorp

tion phenomena and catalytic processes is infrared spectroscopy. One only 

has to consult the reference books of Little (1) and Hair (2) to get a good 

impression of the versatility of the method. Essentially its applicability is 

limited by three conditions: 

- the adsorbent must be sufficiently transparent to infrared radiation; 

- the surface area of the adsorbent must be such large that a perceptible 

concentration of adsorbed molecules can be built up; 

the adsorption complex must be stable to such an extent that the resi

dence time of the adsorbate on the surface is large enough for spectro

scopie observation. 

The first condition is fulfilled by the alumina used for this infrared 
-1 study (Degussa), at least for the frequency range of 4000-1000 cm . Alu-

mina is not transparent to light of frequencies smaller than 1000 cm - 1 be

cause of absorption by lattice vibrations. This experimental difficulty is 

not found in Raman spectroscopy; this technique may, therefore, give ad

ditional information, as may appear from chapter 4. 

The Degussa alumina comes up to the second requirement by its 

surface area of about 110 m2 /g. 

Finally, the third condition is amply satisfied by the system sarin

alumina. It will appear that the adsorption is strong and even decomposed 

sarin remains adsorbed on the surface. 
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On the basis of foregoing considerations a successful use of infra

red spectroscopy may be expected when applied to the study of the adsorp

tion of sarin on alumina. 

The sarin molecule has no symmetry elements other than E and 

belongs therefore to point group c
1

• As a consequence, the molecular sym

metry can not be decreased by adsorption and hence no new infrared ab

sorptions by vibrations of the sarin molecule itself are to be expected. 

Even if the symmetry of an adsorbed sarin molecule would increase (to 

point group Cs) - e.g. as the result of areaction all vibrations are still 

both infrared and Raman active and the number of infrared bands is not re

duced. 

On the other hand adsorption will affect the honds in the sarin mole

cule, which will be reflected in the spectrum by frequency shifts and/or 

changes in intensity. In actdition to this the bond(s), formed by adsorption 

between sarin and alumina, might be observed as well as alterations in the 

surface layer of the adsorbent. For these reasons the obvious procedure is 

to compare the spectrum of the adsorbed species with that of the pure liq

uid. Furthermore it has been tried to characterize the interaction with the 

surface by including a spectroscopie investigation of the adsorption of a 

number of sarin derivatives. 

Besides adsorption surface reactions may be monitored by the spec

trum. Moreover, reaction products that desorb from the surface may be 

identified from the spectrum of the vapour phase. 

In this chapter the results of an infrared investigation into the ad

sorption and decomposition of sarin on y-alumina will he discussed. 

3. 2 EXPERIMENT AL METHODS 

Adsorbents 

Most infrared experiments have been performed with a commercial 

alumina, known as type C from Degussa (Frankfurt, Germany). This ma

terial was heated at 750°C in air for about 16 hours. An X-ray diffractogram 

revealed that after this pretreatment most of the alumina was y -alumina, 

however, some ö-alumina was also present. The surface area was 120 m2/g. 

Approximately 45 mg of this material was pressed in a 11/8" die at a 

pressure of 2000 kg/cm2 into a selfsupporting disk. To prevent sticking 
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of the disk to the die the alumina powder was pressed between two pieces 

of filter paper. Afterwards the filter paper was burned off by heating the 

disk in air at 750°C. The surface area of the resulting sample was about 

110 m
2/g. 

The magnesium oxide used in this study, was prepared according 

to Baird and Lunsford (3). With a final pretreatment temperature of 400°C 

a surface area of 180 m2/g was obtained. From this material small par

ticals ( < 5 microns) were separated by sedimentation following the proce

dure described by Hunt et al. (4). It was not necessary to u se filter papers 

when pressing selfsupporting disks from this powder. 

One eXPeriment has been performed with a pure y-alumina obtained 

from Ketjen N. V. (Amsterdam, the Netherlands). The surface area of this 

product was 280 m 2/g. For infrared investigation this material was proc

essed simHar to magnesium oxide. The properties of both Degussa and 

Ketjen alumina have been described before (5, 6). 

Adsorbate s 

All organophosphorus compounds used were synthesized by the de

partment of organîc chemistry of this laboratory according to standard pro

cedures (see e.g. 7). Hydragen fluoride was obtained from a gas cylinder 

(Union Carbide) and used without further purification. 

Apparatus 

The spectra of the organophosphorus compounds in the liquid phase 

were recorded at standard conditions on a Grubb-Parsons "Spectromajor" 

(chapter 2). Infrared spectra of adsorbed molecules were recorded on a 

Cary-White Model 90 double beam spectrophotometer. This model is a dual 

frequency ratio recording, prism-grating instrument. The reference signa! 

is hold constant by automatic gain controL The following operating condi

tions of the spectrometer were chosen: 

slit width: 5 cm - 1 over the whole range from 4000- 450 cm - 1 

scanning speed: 1 cm-1 /sec. 

pen period: 30 sec. (time constant '"v 5 sec.). 

ordinate scale: extinction: 0 - 1. 0. 

The recorder signal was fed to a Digiac computer. In every 
-1 cm scan 
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this signa! was measured 16 times and the computed mean value was punched 

on tape. Thus a spectrum of 4000-1000 cm-1 was converted into 1200 num

bers, which could be stored in the memory of the computer for processing. 

Two identical pyrex cells, one placed in the sample beam and the other in 

the reference beam, were used. Both cells were connected to a vacuum 

line and could be heated up to 400°C, thus permitting spectra of adsorbed 

molecules to be recorded in situ. Experiments that required higher pretreat

ment temperatures were performed in quartz cells. 

Procedure 

Prior to adsorption the adsorbents were evacuated in situ. at room 
-4 temporature for 20 hr (10 Torr). After this treatment a background spec-

trum was recorded. Adsorbates were introduced into the sample cell via 

the vapour phase at a pressure of a few Torr. Spectra of adsorbed species 

were recorded after evacuation of the vapour. Under certain oircumstances 

the introduetion of adsorbates enabled a volatile compound of the vacuum 

grease to adsorb on the disks, causing absorptions between 1400 and 

1600 cm - 1. This was avoided by prolonged heat and vacuum treatment of 

the valves and joints. 

3. 3 RESULTS AND DISCUSSION 

General Comments 

A rough survey of the changes in the infrared spectrum of sarin 

caused by adsorption on y-alumina, may be obtained from a comparison of 

Figs. 3. 1 and 3. 2. Obviously, adsorption has not induced appreciable 

changes with regard to the carbon-hydragen stretching and deformation vi

brations. Only the symmetrie CH3 deformation of the methyl group appears 

now as a doublet, possibly because the methyl group can be found in two 

slightly different environments at the surface. The C - 0 - (P) stretching 

absorption has not shifted, however, its band contour seems narrower. Re

markable alterations are observed in two regions of the spectrum. 

1) 1300 1000 cm-1 (changes in the spectrum of sarin). 

The frequency of the P 0 stretching is found reduced by approximately 



30 cm - 1 being positioned at 1245 cm - 1 now. In the region between the 

P = 0 absorption and the C - 0 - (P) absorption the absorbance has in

creased, but there is no well defined maximum. The three isopropyl 

rocking bands (1200 -1100 cm - 1) are still distinguishable and appear at 

frequencies just slightly different from the values found for the lîquid. 

2) 4000-3000 cm - 1 (changes in the spectrum of -y-alumina). 

In this region absorption of 0 - H vibrations takes place, originating 

from hydroxyl groups and water molecules adsorbed on the alumina sur

face. The "negative peak" at 3700 cm - 1 indicates the di sappearanee of 

certain hydroxyl groups. Instead, other oxygen-hydrogen structures have 

developed, that absorb light of frequencies between 3600 and 3000 cm - 1. 

The speetral changes in these two regions will be discussed in more detail 

successively. 

Figure 3. 1 

lnfrared spectrum of sarin. 

t 
4000 3000 2000 1500 1000 cm-1 

Figure 3. 2 

lnfrared spectrum of sarin adsorbed on 'Y- alumina. 
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3. 3. 1 CHANGES IN THE SPECTRAL REGION OF 1300 1000 om - 1 

The only perceptible sarin band that has shifted considerably upon 

adsorption is the P = 0 stretching vibration. This feature can be explained 

in two different ways: 

1) sarin adsorbs on y-alumina via the P = 0 group, 

2) sarin adsorbs on y-alumina via the P - F group, 

causing a decrease of the electronegativity of the fluorine substituent and 

- according to equation 1, derived in chapter 2 a shift of the phosphoryl 

frequency to a smaller value. 

In an attempt to ascertain which substituent(s) of the sarin molecule 

form(s) linkages with the alumina surface the adsorption of a series of 

sarin derivatives has been investigated. The results of this study are shown 

in Figs. 3. 3- 3. 15, and are summarized in Table 3. 1. 
-1 

It may be noticed that, between 1300 and 1000 cm , the spectra of 

all adsorbed organophosphorus compounds investigated can be considered to 

be composed from three parts, visualized in Table 3. l by dashed lines. 

Between 1260 and 1200 cm -l an absorption of varying intensity is observed, 

in most cases at a frequency that is about 30 cm - 1 smaller than that of 

the P 0 stretching of the liquid. Next, between 1200 and 1060 cm - 1 a 

broad absorption, sametimes of a badly defined shape and showing several 

maxima, is occurring and, finally, a strong band is usually found near 

1000 cm - 1 

The assignment of this last absorption will not cause much troubles. 

lts frequency is unvariably found very close to that of the C - 0 - (P) stretch

ing vibration of the corresponding pure compound. DMPF does not show 

this absorption in the adsorbed state. Moreover, the band at a bout 1000 cm - 1 

still shows the highest intensity, which also indicates that the v (C - 0 (P)) 

is hardly affected by adsorption. 

Obviously, the same can not be said for the phosphoryl frequency. 
-1 

As mentioned above, the frequency has shifted about 30 cm do\vnscale as 

a consequence of adsorption and, in addition to that, the intensity of the 

band is not high for all compounds. A closer look at the intensities of the 

absorptions, listed in Table 3. 1 reveals a rather remarkable feature. A 

strong band in the 1260-1200 cm - 1 region invariably goes with weak ab-
-1 -1 

sorptions between 1200 and 1160 cm and between 1120 and 1060 cm . 
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C.<> 
00 Table 3.1 

Speetral changes upon adsorption of some organophosphorus cornpounds on y-alurnina 

Compound V F'=O( /) after adsorption on y- alumina 

DMPF 1247 I 1160(s, br) 1085 (s) I --
ethylsarin 1274 1240(w,sh) I 1200(s) 109S(s)(*w) I 1035 

I I {1055(s) 
n-propylsarin 1280 1240(m) I 1190(m) 1145 (w) (*w) I 1020(sh) 

sarin 1277 1245(s) I ? 1170(w)(*m) 1135(m)(*m) 1110(m)(*m) 1060(sh) I 1015 

sardin 1281 1245(s) 
I I 1195(w,sh) 1150(w)(*s) 1110(m,br) I fo2o 

1070(w)(*m) I 995(sh) 

allylsarin 1278 1240(w,sh) I 1195(s) 1090(s)(*m) I 1030 

DFP 1295 1260 (s) I ? 1160(w) 1135(ms)(*m) 1085(ms) I 1010 

I I 
hydroxysarin 1203 1 1180(s)(*w) 1140(s)(*w) 1090(s) I 1005 

chlorosarin 1262 1230(s) I 1170(m)(*m) 1140(m)(*m) 1090(s)(*ms) I 1015 

IDMP 1216 1185 (s) I 1105(w)(*ms) I 1000 

DIMP 1241 1212(s) I 1185(sh)(*m) 1145(w)(*m) 1110 (m)(*s) I 1010 

I I 
thlosarin -- 1255(mw) I 1160(mw) 1090(s) I 1000 

pyrosarin 1260 1260(w,sh) I 117S(m)(*m) 1135(w)(*m) 1116(w)(*m) 1070(m) 

I 
1000 

*) Intensity of the absorption observed in the spectrum of the pure liquid (CH
3 

rockings of the alkoxy group). 

V C-0-(P)( I I 

--
1039 

r060 
1020 

1014 

e016 
996 

1029 

e035 
1020 

1000 

996 

986 

r020 
975 

1004 

1015 
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Figure 3. 3 Figure 3.4 

IR spectrum of adsorbed DMPF. lR spectrum of adsorbed n-propylsarin. 
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Figure 3. 5 Figure 3. 6 

IR spectrum of adsorbed ethylsarin. IR spectrum of adsorbed sarin. 

Unless otherwise marked the dashed lines indicate the speetral changes after 20 hr evacuation. 
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IR spectrum of adsorbed allylsarin, IR spectrum of adsorbed hydroxysarin. 
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Figure 3. 9 Figure 3.10 

IR spectrum of adsorbed DFP. IR spectrum of adsorbed pyrosarin. 





Additional information is obtained when changes in the intensities of 

these interesting infrared bands are considered. The dashed line in Fig. 3. 6 

indicates the changes in the spectrum of adsorbed sarin, 20 hours after ad

sorption was terminated. It appears, that simultaneously with a decrease of 

the intensity of the band at 1245 cm - 1 the intensity of the band at 1120 cm -l 

increases. This suggests the existance of two adsorption structures, one is 

gradually converted into another. 

Two questions are to be answered now: what are these two adsorp

tion structures and what type of reaction is observed in infrared? 

For convenience the structure related to the infrared band between 

1260 and 1200 cm - 1 will be referred to as structure I, and - as a matter 

of course - the remairring structure, that can be formed from structure I, 

will be called structure II. 

Structure I 

As noticed above, the shift of the phosphoryl frequency to 1245 cm -1 

may be explained by the assumption that adsorption takes place via either 

the P = 0 group or the P - F group. With the help of Table 3. 1 it is pos

sibie to discriminate between those two possibilities. 

It appears that a fluorine substituent is no necessity to observe an 

infrared absorption in the 1260- 1200 cm-1 region. For example, both 

DIMP and IDMP show a strong band at a frequency that is 30 cm - 1 lower 

than that of the P = 0 stretching in the pure liquid, on the other hand DMPF 

does not do so. 

We therefore rel a te an infrared band in the 1260 - 1200 cm - 1 region 

to an adsorption structure in which the P "' 0 is linked to the alumina sur

face. It is very likely that the phosphoryl oxygen adsorbs on an acid sur

face site. Two structures can be drafted: 

B 
I 

A...___ J";C B 
p I 
lt A...___ f";C 
0 p 

~ lt 
H 0 

I t 
0 -Al-

I 
-Al-

(Ia) (Ib) 
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The P = 0 group of structure Ia is perturbed by hydragen bonding, 

which will cause the phosphoryl frequency to shift about 30 cm - 1 downscale 

(as was discussed in chapter 2). The oxygen-hydrogen vibration of the hy

droxyl group will also be affected, which might explain the negative 3700 cm-1 

band in the spectrum of adsorbed sarin. 

Just as in structure Ia the p
11

-d
11

-back-bonding in structure lb will 

have been reduced upon adsorption, resulting in a decreased P = 0 bond 

order which might equally well account for the observed shift of the phos

phoryl frequency. A sarin molecule that adsorbs conformably to structure lb 

must have driven away a hydroxyl group from an aluminum ion. This hy

droxyl group might be readsorbed on the surface, which may explain both 
-1 the negative 3700 cm band and the broad absorption between 3600 and 

3200 cm-1 

Although it appears to be difficult to discriminate between the two 

possibilities on account of the presented spectroscopie evidence we propose 

to identify structure I with structure lb and that because of the following 

reasons: 

- Sarin adsorbs just as well on an alumina sample that has been pretreated 

in vacua at 900°C. From the results of a study of y-alumina, publisbed 

before (5), we know that almost all hydroxyl groups have disappeared from 

the surface at that temperature. Nevertheless, a very simHar spectrum 

upon adsorption of sarin is observed (sec 3. 3. 2). 

- When benzaldehyde was adsorbed on the very same y-alumina the changes 

observed in the hydroxyl stretching region of the infrared spectrum were 

identical to those noticed upon the adsorption of sarin (6). It was shown, 

that the structure of adsorbed benzaldehyde is 

Olc=o 
1
1 I 
I I 

-Al-O-Al-

which implicates that hydroxyl groups must have been driven away from 

aluminum atoms in the surface layer of the adsorbent. 
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Consequently, in case of the adsorption of sarin on y-alumina 

structure I is very probably: 

(I) 

Structure II 

Starting points of the discussion concerning the identity of struc

ture II are the further reduced bond order of the P = 0 (there are no ab-
-1 sorptions between 1260 and 1200 cm that beleng to this structure) and the 

experimental fact that structure II can be formed from structure I. Hence 

it is inconclusive to consider solely structure IL First of all the nature of 

the reaction that couverts structure I into structure II has to be elucidated. 

There are some streng indications that adsorbed sarin is liable to 

hydralysis of the P - F bond. 

a) No considerable changes can be observed so far as the C H stretching 

and deformation vibrations are concerned. 

b) Neither DIMP nor IDMP show infrared bands that possibly could beleng 

to structure II, as little as can be observed 20 hrs after adsorption 

(Fig. 3.12, 3. 15). 

c) Addition of water to adsorbed sarin accelerates the conversion of struc

ture I into structure II (see below). 

d) As will be discussed in chapter 5, the P - F bond of adsorbed sarin is 

ruptured at a rate that corresponds to the observed deercase of intensity 

of the 1245 cm - 1 absorption (see Fig. 5. 10). This reaction is acceler

ated by water. 

Some comments are to be made: 

Ad a . In fact, of all infrared bands that can be related to the methyl and 
-1 

the isopropoxy group two do change gradually: the 6 (CH3) at 1320 cm 
-1 B 

and the v (C - 0 - (P)) at 1020 cm . 

The absorption of the symmetrie methyl deformation vibration grad

ually loses lts doublet character. In the spectrum of adsorbed sarin re-

44 



corded after actdition of water, the 1320 cm - 1 band is singlet. It is pro

posed, that the environment of the methyl group in structure I differs slight

ly from that in structure IL 

From Fig. 3. 6 it may be seen that - together with the 1245 cm - 1 

band - the band at about 1020 cm-1 decreases in intensity. One might ex

plain this phenomenon in the same way as the disappearance of the 1245 cm - 1 

band, but this would not agree with some other observations. The 1020 cm - 1 

band is just partly reduced, even when the 1245 cm - 1 band cannot be ob

served any more. On the contrary, actdition of water affects the 1020 cm-1 

in such a way that its intensity increases (Fig. 3.16). Moreover, experi

ments presented in chapter 6, prove that the occurrence of C - 0 bond fis

sion is negligible with the alumina used in this infrared study. Consequently, 

the 1020 cm-1 C- 0- (P) band is specific for neither of the two structures. 

The behaviour of this band upon addition of water suggests, that fluctuations 

of its intensity originate from some association that affects the magnitude 

of the dipole moment. Suppose that immediately after adsorption some as

sociation occurs between an atom of the oc3H7 grouping and the surface. 

As a result of the conversion of structure I into structure II or/and of the 

influence of prolonged evacuation on the quantity of water adsorbed on the 

surface the association reduces and, consequently, the intensity of the 

1020 cm - 1 band decreases. On the other hand addition of water increases 

this association and, thus, the intensity of the 1020 cm - 1 absorption. 

Ad c. When water vapour is added to the souree of Fig. 3. 6 the spec

trum shown in Fig. 3.16 is obtained after evacuation. The 1245 cm - 1 phos

phoryl absorption has almost completely disappeared and instead a broad 

and very intense band, centred around 1120 cm - 1, is observed, showing 

shoulders at 1260, 1230, 1170, 1140 and 1070 cm - 1. The C - 0 - (P) ab

sorption has shifted to a slightly lower wave number (1010 cm - 1
) and the 

band appears to be narrower compared to the spectrum of Fig. 3. 6. After 

20 hr alternating water dosing and evacuation the intensities of both the 

1120 cm-1 and 1010 cm-1 absorption have increased considerably and 

reached a constant value. As will be shown in chapter 5 upon addition of 

water adsorbed sarin reacts at an increased speed to form a species with

out a P - F bond. The most plausible reaetion with water that may account 

for these observations is the hydrolysis of the P - F bond, reauiting in the 

formation of HF: 

45 



E 

t 

46 

E 

t 

cm-1 

Figure 3. 16 

IR spectrum of adsorbed sarin after addition of water 

30 mins after water vapeur was admitted 

0.8 

0.5 

0.2 

! 
0.1 ~ 

0 

after extra dose of water. 

I 
1800 

cm-1 

Figure 3. 17 

(' 

I 
I 
I 
I 
I 

I 
\ 
\ 
I , __ 

I 
1000 

IR spectrum of adsorbed hydrogen fluoride 

PHF 10 Torr 
after evacuation. 

J 



P - F + H20 ~ P - OH + HF a) 

Neither mass spectra nor infrared spectra of the vapour phase have 

revealed any evidence for the preserree of HF. If HF is formed the impH

eation is that it is adsorbed on the alumina surface. For this reason in an 

independent experiment hydrogen fluoride was admitted to an alumina disk 

and the infrared spectrum was recorded both before and after evacuation of 

the vapour (Fig. 3.17). It appeared that HF adsorbs very well on alumina, 

giving rise to a broad and intense absorption at 1120 cm - 1 and a weak but 

also broad band around 1660 cm - 1 . This 1120 cm - 1 band coincides with the 

band observed in the spectrum of Fig. 3.16, which can, therefore, be ex

plained by HF formation. The resulting phosphorus compound must be very 

simHar to adsorbed hydroxysarin, which - as Fig. 3. 8 shows - is also 

characterized by an intense absorption between 1180 and 1090 cm - 1
. The 

intensity increase around 1120 cm - 1 , observed upon addition of water vapour 

to adsorbed sarin, may consequently be understood in terms of reaction a) 

and is in agreement with the kinetic findings embodied in chapter 5. 

On the basis of the foregoing we know that structure II must be very 

simHar to that of adsorbed hydroxysarin. Then, let us consider the following 

representation of the hydrolysis of structure I: 

(I) (Ha) 

What is spectroscopically to be expected from structure Ila ? Theo

retically the frequency of the v (P = 0) can be calculated from equation 1 

(chapter 2) and the value of 1245 cm - 1 for structure I. Compared to struc

ture I the fluorine substituent (n constant = 4. 0) has been replaced by a 

hydroxyl group (TT constant = 2. 4). According to equation 1 the v (P 0) 
-1 -1 -1 

must be expected at about 1245 cm - (4. 0 - 2. 4) x 31 cm = 1195 cm . 

It is also possible to estimate the frequency of the v (P - OH) with the help 

of Thomas' equation valid for this vibration (8): 
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-1 v(P- OH)= 650 + 40Z::n (cm ) (3) 

With the lmown n constants of the methyl (2. 1) and the isopropoxy 

(2. 7
5

) group and an assumed value for the -:: 0 ~ Al "substituent" of 3. 0 

( 0: "nu 3.5, -0-SiR
3

: "n" 3.0 (ref. 9, 10)) a E~-value of 7.8
5 

is obtained, resulting in a v (P - OH) of 964 cm - 1. U sing a n-value of 3. 5 

for the ::: 0 ~ A 1 grouping a maximum frequency of 984 cm - 1 is obtained. 

Summarizing, if structure IIa would be the result of hydralysis of 
-1 structure I then the 1245 cm band would have been replaced by two ab-

-1 -1 sorptions, one at about 1195 cm , the other somewhere around 970 cm 

(not perceptible). The spectra of hydrölyzed adsorbed sarin (Fig. 3. 16) and 

adsorbed hydroxysarin (Fig. 3. 8) do not quite concur with these predictions. 

An alternative possibility is that the hydrolyzed structure I, just as 

hydroxysarin a moderately strong acid, reacts with basic groups: 

(IIa) (Ila') 

The frequency of the v (P =0) may easily be calculated from equa-
-1 tion 1, using a n-value of 3. 0 for the - 0- A I grouping: v (P =0) 1248 cm , 

which does not fit with the observed spectrum either. 

The hypothesis of structure Ila (and IIa') is not supported by the 

infrared spectra, it is, therefore, unsatisfactory and must be abandoned. 

From the above calculations it appears that the bond order of the 

P 0 in structure II is more reduced than can be expected from substituent 

effects only. For this reason it might be useful to take the following reac

tion scheme into consideration: 

(I) (IIb) 
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In structure IIb two equivalent P - 0 honds occur which will give 

rise to two infrared bands (v P~0° and \; P~0 , respectively), similar to s as 
what is observed for ionized phosphorus compounds or metal phosphonato 

complexes. An impression of the frequency range in which these infrared 

absorptions can be expected may be obtained from Table 3. 2 that lists some 

literature data of compounds comparable to structure IIb. 

The intensity of the two POO vibrations uses to be strong. The fre

quency of the two absorptions depends on the substituents on phosphorus as 

well as on the cation (11), but the bands are always found within the over 

all frequency range of 1300 1000 cm-1. The two stretching modes are 
-1 

separated by a 100 cm , approximately. 

Table 3. 2 

POO-stretching frequencies (cm 
1

) 

compound 

asymmetrie symmetrie references 

anion cation 

RO 0 
"'-p/ M 

R'/ "o 1215- 1153 1110 1102 11 

H C 0 0 M 
7 3' / Na p' 

H c/ o Li 
3 

1170 - 1102 1066 - 1061 12 
1212 1070 11 

1200 + 1189 1092 + 1069 13 

R 0 
'-p/ M 

!("' "'-o 
'v 1150 1050 14 

1168 1035 15 

HC 0 
3 "'-p/ Na 

H c/ "'-o Na 

3 

1168 1068 11 
1169 1065 14 

H 0 
'-p/ K /"-. 

H 0 

1180 1042 16 

Structure II 1200 - 1160 1110 1060 

R, R' alkyl, M ~ metal. 
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Although notperfect the observed absorptions in the 1200 1050 cm-l 

region of the spectra of adsorbed derivatives are in agreement with the 

values quoted in Table 3. 2. 

The relatively small differences between Tables 3. 1 and 3. 2 may 

originate from several sources. The structure that exists at the alumina 

surface is not quite the same as a salt or a metal complex. Moreover. the 

bands of the rocking modes of the isopropyl group interfere with the POO

absorptions. 

In the spectrum of adsorbed hydroxysarin the isopropyl bands are 

observed on top of a broad and strong absorption with maxima at 1180 and 
-1 

1090 cm . DMPF does not have any isopropyl group; when adsorbed on 

alumina two strong bands are shown in the infrared spectrum, at 1160 and 

1085 cm-1 respectively, with a tiny shoulder at 1140 cm-1. Addition of 

water to this adsorbed compound (which is highly reactive towards water: 

see Table 3. 3) does not induce any change in the spectrum, which indicates 

that this compound has already been hydrolyzed. Therefore, part of the 

absorption (the shoulder at 1140 cm -l ?) might be due to adsorbed HF; 

this may also apply to the spectrum of adsorbed sarin. 

Finally, the di stance between the two oxygens in the proposed struc

ture should be about equal to the aluminum-aluminum distance in the 

y-Al
2
o

3 
lattice. As will be derived in chapter 7 this condition is fulfilled. 

The angle between the two P 0 honds might be squeezed somewhat, which 

will affect the intensity of the infrared bands positively. 

The Al - 0 bonds, belonging to structure Ilb, will absorb infrared 
-1 light of frequencies lower than 1000 cm and can, therefore, not be ob-

served. 

In view of the foregoing discussion we fee! justified to identify struc

ture II with 

(II) 

The stability of this adsorption complex might be comparable to that of the 

complexes listed in Table 3. 2 which would imply that a strong adsorption 

50 



is formed. 

Indeed, the intensity of the bands in the spectrum of adsorbed DMPF 

does not diminish at all when the sample is heated in vacua upto 350°C, 

whereas only smal! frequency shifts are observed at that temperature. 

üne infrared experiment has been carried out with Ketjen alumina 

samples. It is very difficult to press selfsupporting disks from this mate

rial that have sufficient transparency in infrared. We succeeded in pressing 
-1 pellets that were transparent dov,n to 1200 cm . The surface area of this 

alumina is more than two times as large as the Degussa product, which 

favours the perceptibility of infrared bands due to adsorbed species. 

Indeed sarin adsorbed very well on this sample, showing intense 

bands at 1380, 1320 and 1245 cm-1. The ratio in intensity between the 1320 

and 1245 cm - 1 absorption was about the same as observed shortly after ad

sorption on Degussa alumina. The intensity of the 1245 cm - 1 band reduced 

gradually; when water vapour was admitted this band disappeared rapidly. 

From this evidence it may be concluded that Ketjen and Degussa 

alumina bchave simHar so far as the adsorption and decomposition of sarin 

is concerned. The only difference, noticed between the two materials, was 

that the methyl deformation vibration at 1320 cm - 1 appeared as a singlet 

in case of Ketjen alumina. 

Parameters influencing the conversion of structure I in

to structure II 

Reconsidering the spectra of the adsorbed sarin derivatives, partie-
-l ularly the 1300 1000 cm region, we know now that each spectrum may 

be interpreted in terms of structure I and 11. Obviously the ratio in which 

these two conformations occur is not the same for all compounds. This 

ratio is determined by the rate of conversion of structure I into structure II. 

Indeed, DIMP and IDMP, which cannot be hydrolyzed, show the spectro

scopical characteristics of structure I only, which do not change with time. 

A rough estimation of the ra.te of conversion can be made for the halogen 

containing compounds by means of the intensities of the appropriate infra

red bands: the sequence shovv-n in Table 3. 3 is obtained. 

With the exception of the chloro compound the observed spectra can 

be interpreted in terms of a reaction, that proceeds at a rate correspond

ing to the kinetic parameters measurcd in alkaline hydrolysis. 
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(Note, that chlorosarin is readily hydrolyzed after addition of water vapour: 

Fig. 3. 18). 
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Table 3. 3 

Hydralysis of some phosphorus compounds on alumina, 

Compound 

DMPF 

allylsarin 

ethylsarin 

n-propylsarin 

sarin 

DFP 

c bloros ar in 

Figure 3. 18 

E 

J. 

compared with alkaline 

I ( 1260-1200 cm 

I ( 1200-1050 cm 

- I s 

w 

w I s 

m m 

s I w 

s I w 

0.4 

0.3 

0.2 

0.1 

0 
1600 1400 

hydralysis 

k (l. mole. 
OH 

2 
430 x 10 

50 x 10 
2 

2 
29.5 x 10 

25.3 x 10
2 

16.3 x 102 

o. 5 x 10
2 

7.2 x 106 

1000 800 
cm-1 

(17) 

( 18) 

(17) 

(17) 

(19) 

(19) 

(20) 

IR spectrum of adsorbed chlorosarin after addition of water vapour 

(compare with Fig. 3.11). 



To verify the supposition of dealing with a base catalyzed hydrolysis 

reaction a series of experiments has been carried out. 

Experiment A 

Prior to the adsorption of sarin hydrogen fluoride was admitted to 

the sample cell and allowed to adsorb onto the alumina disk for some ten 
-1 minutes. An intense band, centred at 1120 cm , proved that a large quan-

tity of HF was adsorbed. The HF infrared band was compensated by a 

subsequent admittance of HF to the referenee cell. Thus, a straight base 

line was attained. Then sarin was admitted to the sample disk. After evac

uation the spectrum of Fig. 3.19 was recorded. Two strong bands dominate, 
-1 

1240 and 1040 cm , respectively. It is quite obvious that only structure I 

has been formed. After 1000 minutes of continuously evacuating the spec

trum indicated by the broken line, was observed. Some dealkylation has 

occurred (decreased intensities of the 1040, 1140 and 1380 cm-1 bands), 

however, not the slightest indication of hydralysis can be found. Even actdi

tion of water vapour is unable to induce any conversion into structure IL 
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Figure 3. 19 

IR spectrum of sarin adsorbed on HF

pretreated alumina. 
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lR spectrum of DMPF adsorbed on HF

pretreated alurnina, 
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Two conclusions may be drawn from this experiment: 

- HF, adsorbed prior to sarin on alumina, inhibites the hydrolysis, but not 

the adsorption of sarin. (The influence of HF, admitted after adsorption of 

sarih, will be discussed in chapter 5.) 

- The v(C- 0 -(P)) of structure I is found at 1040 cm-1 We have seen 

before that after addition of water to adsorbed sarin the v (C - 0 - (P)) is 

observed at 1010 cm-1 (structure II). Therefore, the "narrowing" influence 

on the C - 0 - (P) band contour, noticed when water is admitted (Ad c, 

Fig. 3. 16) can be rationalized. 

Experiment B 

An experiment similar to A was performed with DMPF instead of 

sarin. The pre-adsorbed hydrogen fluoride proved to excert a marked in

fluence on the spectrum: no bands could be observed between 1200 and 
-1 -1 

1000 cm , whereas a strong band appeared at 1225 cm (Fig. 3. 20). Ob-

viously hydralysis did not occur. Addition of water vapour to the adsorbed 

species caused a slow hydrolysis, marked by the disappearance of the 
-1 -1 

1225 cm band and the appearance of two absorptions at 1135 and 1070 cm , 

respectively. 

Hence it follows that the hydralysis reaction of adsorbed DMPF is 

retarded by HF. 

These two experiments show that an acid, in this case HF, retards 

the conversion from structure I to structure II. Does this implicate that a 

base will accelerate this reaction? For experimental reasons we have pre

ferred to study the hydralysis of sarin on magnesia to that on an alumina + 

base adsorbent. Magnesia is known to behave as a basic catalyst (3, 21, 

22, 23). An additional advantage of using magnesia is the transparency of 

this material in the 1000 - 800 cm - 1 frequency range. 

Experiment C 

When sarin was adsorbed on magnesia the spectrum of Fig. 3. 21 

was observed. Most adsorbed sarin molecules have structure II: 1170 and 
-1 -1 

1070 cm . Some structure I may be observed: the weak band at 1255 cm 

(P =0), the shoulder at 1020 cm-1 (C- 0 -(P)) and the small band at 

840 cm - 1 (P - F ! ! ) . These three absorptions have disappeared after 100 
-1 

minutes (or after addition of water), together with the shoulder at 920 cm . 
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This last feature might be another indication that the methyl group finds it

self in a different environment after hydrolysis of the P - F bond. 

This experiment proves 

that - relative to alumina - the hydrolysis of adsorbed sarin proceeds con

siderably faster on magnesia, and 

that structure I contains a P - F bond, which is absent in structure II. 

Experiment D 

Experiment C has been repeated with DMPF instead of sarin (Fig. 

3. 22). The strong bands at 1160 and 1080 cm - 1 must be attributed to a 

structure II. The 86 5 cm - 1 band must be attributed to the methyl rocking 

modes; they have been shifted downscale compared to the pure liquid (938 -

882 cm-1). A remarkable feature is observed when water vapour is added 
-1 -1 

to the sample: the two POO-stretchings occur at 1135 cm and 1048 cm 

After evacuation of the cell the original spectrum is recognized. Similar 

behaviour was observed by Nyquist: when [ (CH3)2Po2 ] Na was dissolved in 

water the POO-stretchings at 1169 and 1065 cm-1 had shifted to 1128 and 
-1 

1040 cm , respectively (14). 
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·Figure 3. 21 Figure 3.22 

IR spectrum of sarin adsorbed on magnesia. IR spectrum of DMPF adsorbed on magnesia. 
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Two more experiments have been performed, with sarin and DMPF, 

respectively, on magnesia that has been pretreated with HF. In both cases 

adsorption was poor; however, bands were observed at 1250 cm-1 and 

840 cm-1 in case of sarin and 1240 cm-1 and 840 cm-1 for DMPF. Possi

bly the adsorption was mainly physical or weakly chemical. Anyhow, no 

evidence for the occurrence of structure II could be observed. An extra 

spectroscopical problem was caused by the reQp.ced transparency of the 

magnesia sample after HF treatment. Probably in the surface layer some 
-1 MgF 2 bas been formed, absorbing light with frequencies of 1100 900 cm . 

The observation of the same structure II on magnesia can be under

stood only if the magnesium-magnesium distance does not deviate much from 

the aluminum-aluminum distance in 'Y-alumina. De Vleesschauwer has shown 

that the adsorption capaaities of active magnesia are - to some extent 

simHar to that of alumina (23). Anyhow, with the geometrie arrangement 

of the cations in the exposed planes of magnesium oxide (probably the 

(llO)plane) the formation of structure II is very wen possible. 

The results of the described experiments are summarized in 

Table 3.4. 

Table 3.4 

Catalyst pretreatment and resulting adsorption structures 

Adsorbate Adsorbent Formed structure 

sarin AI
2
o

3 
structure I + structure IJ 

sarin Al
2
o

3 
+HF structure 

sarin MgO structure ll 

sarin MgO +HF structure I (poor adsorption) 

DMPF Al
2
o

3 
structure I! 

DMPF AI
2
o

3 
HF sttucture 

DMPF MgO structure ll 

DMPF MgO HF structure I (poor adsorption) 

The conclusion that may be drawn from Table 3. 4 is that the hy

drolysis of adsorbed sarin (and derivatives) is a base catalyzed reaction; 

the active sites can be poisoned by hydrogen fluoride. 

56 



0.5 0.5 

E E 

t 04 t 04 

0.3 

0~--~-----~----~----~~ 
1800 1600 1400 1200 1000 

cm-1 cm-1 

e """o.4 e""" o.s 

Figure 3. 23 

IR spectra of adsorbed sarin for two different degrees of coverage. 

Comparison of the spectra in Fig. 3. 23 shows that there is another 

parameter influencing the appearance of the spectrum of adsorbed sarin. 

Obviously at lower coverage the hydralysis proceeds relatively faster (the 

shoulder at 1070 cm-\ the intensity decrease at 1245 cm - 1, the singlet 

at 1310 cm - 1). The intensity decrease of the C - 0 - (P) band is some

what smaller at lower coverage. This supports the idea that the intensity 

of this absorption is sensitive to association. 

3. 3. 2 CHANGES IN THE SPECTRAL REGION OF 4000 3000 cm - 1 

When sarin is adsorbed on y-alumina the resulting spectrum shows 
-1 -1 a very broad band between 3600 and 3000 cm , centred at 3500 cm , and 

a "negative band" around 3700 cm - 1 (Fig. 3. 2). The observation of a neg

ative band originates from the compensating effect of the reference alumina 

disk. After adsorption of sarin on the sample disk the occurrence of a 

species that absorbs light of frequencies around 3700 cm - 1 is reduced, 

while it is still present on the reference disk. Instead, structures ab

sorbing infrared radiation of about 3500 cm - 1 have been formed on the 

sample disk. 

The 4000 - 3000 cm - 1 range is characteristic for OH vibrations and 
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the changes observed upon adsorption must be ascribed to alterations in OH 

and HOH groups that are adsorbed on the alumina surface. For this reason 

the spectrum of 'Y-alumina has been studled at different pretreatment tem

peratures. The results are shown in Fig. 3. 24; all spectra have been 

recorded at room temperature and with expanded transmission scale, no 

reference disk has been applied. Each of the curves in Fig. 3. 24 is the 

result of two scans. 

Jo•c 
1•~1 .. 

u 2so•c c: 

" .0 

0 
"' soo•c .0 
<( 
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~Sample out 

3800 4000 
cm-I 

Figure 3.24 

IR spectrum of 'Y -alumina, evacuated at different temperatures. 

The samples pretreated at lower temperatures, show a broad ab

sorption, extending from 36 00 cm - 1 to 3000 cm - 1, originating from hydro

gen bonded hydroxyl groups and adsorbed water molecules. In addition, the 

spectra recorded after evacuation at elevated temperatures, show a num

ber of distin ct infrared bands at frequencies exceeding 36 00 cm -1, belonging 
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to different surface hydroxyls. Taking account of noise signals roughly four 

major hydroxyl bands may be distinguished at about 3680, 3725 (3740 for 

the highest pretreatment temperature) 3790 and 3875 cm-1, respectively. 

Except for the last one these values correspond reasonably well with the 

frequencies reported by Peri (24). However, the model proposed by Peri 

will not directly apply to our results as it has been designed for a different 

type of y-alumina (25). With the metbod of preparation of the alumina, used 

in this infrared study, it is very probable that the (110) plane of spinel is 

preferentially exposed (26). Lippens has shown, that there are two types of 

cation partitions present in the spinel lattice parallel to the (110) plane, re

ferred to as C- and D-layer (Fig. 3. 25) (26). 

C layer D-layer 

Figure 3, 25 

Cation positions in the spinel lattice; oxygen layers parallel to (110) planes. 

These layers are stacked on each other CDCDC etc. 

When exposed at the surface these layers are no longer completely 

compensated for their electric charge by each other. This compensation 

may be attained by hydroxyl groups. Schematically: 

C-layer: 

D-layer: 

(Tetrahedral aluminum atoms are denoted outside the brackets, octahedral 

inside.) 

As half of the electric charge of a surface layer will still be com

pensated by the underlaying layer the indicated reduction of charge will be 
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sufficient. The supposed adsorption of a hydroxyl group on a tetrabedral 

aluminum atom in the C-layer and not on an a octahedral cation is based on 

the consideration that in that case the strongest Al-O bond is formed. 

The above discussion shows, that when both layers are exposed at 

least two different surface hydroxyls may be expected. Moreover, on each 

layer such hydroxyl group may have two, one or no adjacent hydroxyls, 

which totals to six types of hydroxyl groups. 

In addition, other lattice planes might also be exposed and lattice 

defects as well as deviating situations at cristal edges surely will exist, 

all giving rise to an increase of the number of chemically distinct hydroxyl 

groups. 

Fig. 3. 24 shows that with increasing pretreatment temperature chemi

sorbed water and hydrogen bonded hydroxyl groups disappear first (3600 
-1 0 3000 cm ) ; at a pretreatment temporature of 500 C these structures do no 

-1 longer occur at the surface. All hydroxyl bands between 3600 and 3800 cm 

gradually deercase with increasing temperature; at 850°C the same bands 

can be observed as at 250°C. However, the absorptions at the lower fre-
-1 quencies seem to be reduced more readily, whereas the band at 3875 cm 

is even growing when temporature is increased. 

In view of the interaction between sarin and alumina it might be very 

interesting to investigate whether speetral changes in the hydroxyl region 

can be related to adsorption or decomposition of sarin molecules. For this 

reason the adsorption of sarin on differently pretreated alumina samples 

has been studied. The results may be summarized as follows: 

1) When water vapour is added to an alumina sample evacuated at room 

temperature, the hydroxyl bands between 3650 and 3800 cm - 1 diminish, 

the maximum deercase being found at 3720 cm-1, and the braad absorp

tion centred at 3420 cm - 1 increases. (These alterations can be made 

undone by prolonged evacuation at room temperature.) Addition of sarin 

to this wet sample results in a further decrease of the absorption at 

a bout 37 00 cm - 1, and a reduction of the braad water absorption over 

the whole width of 3600 - 3000 cm - 1• The 1300 - 1000 cm - 1 region of 

the spectrum indicates, that structure II is formed in excess of struc

ture I. 

2) When sarin is adsorbed on an alumina disk pretreated at 500°C, all 

3600 - 3800 cm -l hydroxyl bands have disappeared and instead a broad 

60 



band is observed around 3500 cm-\ its intensity is comparable to that 

of the bands observed before adsorption. The formation of structure II 

appears to be limited compared to the adsorption of sarin on alumina 

evacuated at room temperature. 

3) When sarin is admitted to alumina evacuated at 900°C, only structure I 

is formed (v (P = 0) at 1255 cm-1). Small changes in the 4000- 3000 cm - 1 

region are showing the same tendency as mentioned under 2. 

4) When DMPF is adsorbed on alumina pretreated at 300°C both structure I 
-1 -1 

(1225 cm ) and II (1140 and 1070 cm ) are formed. The conversion of 

structure I into structure II is slow, however, after addition of water 

vapour only the infrared bands of structure II can be observed. 

Some major conclusions may be drawn from these observations. 

Surface hydroxyls and adsorbed water do not play an important part in 

the adsorption of sarin on alumina. Sarin is adsorbed on wet alumina as 

well as on alumina pretreated at 900°C. Obviously, sarin molecules re

move hydroxyl groups from adsorption centres; these displaced hydroxyls 

are met again at the surface as hydragen bonded or water-like structures 

(3600 - 3000 cm - 1). 

Adsorbed water or hydroxyl groups are involved in the hydralysis of 

sarin on alumina. 

This follows from experiment 1, 2 and 3: the more infrared absorptions 
-1 in the 4000 3000 cm region the more structure II is formed after 

adsorption. 

In view of the last condusion and knowing what influence HF has on 

the hydralysis of sarin it might be interesting to see what kind of alter

ations in the hydroxyl absorption pattern are produced by adsorption of HF 

on alumina. With an evacuated alumina disk in the reference cell the spec

trum of :Fig. 3. 26 was recorded after HF adsorption and evacuation. A neg

ative band at 3720 cm - 1 indicates the disappearance of OH groups. Indeed, 

the broad absorption around 3400 cm - 1 is again observed, however an ab

sorption at 3600 cm - 1 occurs, not noticed earlier. We have seen befare 

(Fig. 3. 17) that the spectrum of adsorbed HF shows a strong band at 
-1 1120 cm , which probably results from an Al - F stretching (27). Hence 

the adsorption of HF can be described by the reaction 
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HF + Al OH 

(3720 cm-1) 

+ HOH 

-1 -1 
(1120 cm ) (3400 cm _

1
) 

(1660 cm ) 

0.5 -----base line 

E 
-- after ads. and evac. 

------ ----~ 

0.1 

0~--~'----~~--~~--~----~~ 
4000 3800 3600 3400 3200 3000 

cm-1 

Figure 3. 26 

Effect of HF adsorption on the IR spectrum of alumina. 

From the effect of fluoride on y-alumina Peri bas derived that the 

properties of sites adjacent to fluorided eentres are inductively modified (27). 

The absorption at 3600 cm - 1 may possibly or iginate from these "acidified" 

hydroxyls. 

We have seen that the adsorption of sarin on HF pretreated alumina 

is not measurably hindered, whereas the 1120 cm - 1 absorption is not seri

ously affected. Obviously just a fraction of the surface hydroxyls are ex

changed by the fluoride. Nevertheless hydrolysis of the adsorbed organo

phosphorus compound is drastically reduced. This effect can not be ex

plained only by the disappearance of surface hydroxyls as a consequence of 

exchange but must originate to a considerable degrec from the poisoning in

fluence of the fluoride on its neighbouring hydroxyl groups. 

3. 3. 3 INFRARED SPECTRUM OF GASEOUS REACTION PRODUCTS 

With alumina or magnesia disks in the infrared beams of the spec

trometer the experimental circumstances are far from ideal to observe any 
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desorbed reaction product. For this reason an experiment was performed 

with 16 g Ketjen alumina, situated beyond the range of the infrared beam 

in the sample cell. The reference cell was not loaded. After evacuation of 

the cells sarin was admitted to the alumina and allowed to adsorb. The cell 

was then closed. The adsorption was very fast as no sarin peaks could be 

detected soon after dosing. After 15 hr a spectrum of the vapour phase, 

due to desorption, was recorded (Fig. 3. 27). This spectrum concurs with 

that of propene and shows also some co
2 

(2340 cm-1
). By raising the tem

pcrature of the cell all absorption bands gained intensity, however, no new 

bands appeared (solid line Fig. 3. 27). 

----- alter 15hr al 20'C 

0.6 --- af ter 1 hr at 100(1C 

cm-1 

Figure 3. 27 

IR spectrum of the vapour desorbed from alumina covered with sarin. 

The formation of propene proves that another decomposition reaction 

of adsorbed sarin is occurring, the isopropyl group being released. The 

mechanism and kinetics of this dealkylation reaction will be discussed in 

more detail in chapter 6. 

3. 4 CONCLUDING REMARKS 

From the results of the infrared study discussed in this chapter, 

the structure formed upon adsorption of sarin on y-alumina has been es

tablished. It appears that sarin molecules are bonded to the surface via 

their P =0 group. Alteratiens in the spectrum indicate that the adsorbed 

species is gradually hydrolyzed. The phosphorus-fluorine bond is broken as 

the result of this reaction and hydrogen fluoride is generated and adsorbed 

on the surf ace. This re action is accelerated considerably by water. 
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Analysis of the vapoor phase reveals arwther deeomposition q>a~,tion, 

namely a dealkylation of ad sarbed sar in, in which propene i o; g<ene,'a1Nl. 

'J'h"'so findings are summadl<.ed in the fo))owing rcactlon soheme: 

adsorpt ion 

[;;arin) 

hydrolysis 
--~·----,>-

lll IIII 

and/or j,J~ 
,o 

"'" 
G3H6/ o'"ij 

t 

dealkylal0d compound 

From lhis illfi'ared lnvcstigation it can n<>t he ooncluded whelh~~,. hoth 

structure l and n parlicipate in dcalkylation. 'l'hJs prohlem wil! be dealt 

with in ch:~pter 6. 

Strong indlcations have been obtained that basic surface sites are in

volved in the hydrolysis reaction. So far, the r%ults do not seem lo allow 

to diacrimlnate between free or hydrogen bonded hydroxyl groups with re

speet to this feature. 
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C HAPTER 4 

RAMAN SPECTRA OF ADSORBED SARIN, DMP:r AND DIMP 

4. 1 INTRODUCTION 

Although closely related to inh·ared spectroscopy Raman spectroscopy 

has only recently been applied to the study of adsorbed molecules. Il<)wever, 

Hendra et al. have demonstra.ted the potential of tlle technique in this field (1). 

The conditions mentioned in thc introduetion of chapte~· 3 also apply to 

Raman spectro.scopy of adsorbed specie:s el'Ocept for thc flrst. As Raman 

.spectroscopy is baMcally a light scattering technique no demands are made 

upon the transparency of the adsorbent. In fact, this is an important ad

\fantage of Raman .spectroscopy over infrared, where the study of adsorbed 

Species is concerned. 

On the othcr hand, many adsorbents show a high background signa! 

in an extended region of the Raman spectrum. lts origin is obscure, but in 

hterature the phenomenon is mostly refûrred to a.s fluorescence. Several 

remedies have been reported: extreme pu:r:-îfication of the solid (2), drying 

(3), rotating sample devices (4). In the case of y-a.lurnîna patience appeared 

to be the best remedy: when the sample was left in the spectrornete\' {Ol" 

sorne thirty minutes a conside~able decrease in fluorescence was obsel:'ved. 

Hecently we showed that it is possible to record good quality Rarnan 

spectra of benzaldehyde adsorbed on Ketjen alumina (5). Howevel:', organo

phoaphorus compotlnds Hke sarin are less good Raman scatterers than 

benzaldehyde and intcresting bands like the v (P"O) and v (P-F) have only 

weak intensitics, which reduces the chances of obta!ning additional informa

tion about the adsorption of sarin fl"om ftaman spectra. 
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Our investigation of Raman spectra of sarin adsorbed on alumina was 

not as extensive as the infrared study: only the spectra of adsorbed DIMP, 

DMPF and sarin will be discussed. The reason for this is that laser-Raman 

facilities became available in a late stage of the investigation. The results 

of this Raman study are discussed separately instead of in the previous 

chapter, because they are not completely comparable to the corresponding 

infrared spectra. The Raman spectra of the adsorbed compounds have not 

been recorded in situ , since the quality of the spectra recorded with an 

in situ Raman cell appeared to be considerably less compared to the spec

tra obtained by means of the solid sample holder that was delivered with 

the instrument. This handicap will of course - reduce the import of any 

concluslon. 

4. 2 EXPERIMENT AL METHODS 

Spectrometer 

Laser-Raman spectra were recorded on a Jeol JRS-81 spectrometer. 

The output power of the argon-ion laser (Coherent Radlation model 52) was 

reduced to about 300 mW (4880 R line). The very sensitive recordinga re

quired low scanning speeds (10 cm - 1 /min. at the most); large slit widths 

(7-14 cm-1) proved to give the best results. 

Sample preparation 

Ketjen alumina was grained into particles smaller than 0. 2 mm. The 
-4 powder was evacuated for 16 hours (10 Torr); the adsorbate wasthen ad-

mitted to the alumina via the vapour phase, using the same vacuum line. 

After about one hour the sample was again evacuated. Afterwards air was 

admltted and the powder was transferred into the solid sample holder of 

the spectrometer. This sample holder was a cube-shaped quartz cell and 

was held at about 30° to the laser beam (Fig. 4.1). 

To reduce fluorescence the sample was irradiated in its proper po

sition in the spectrometer for at least 30 minutes before a spectrum was 

recorded. 
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Figure 4.1 

illumination system. 

4. 3 RESULTS AND DISCUSSION 

Fig. 4. 2 shows the Raman spectrum of grained Ketjen alumina, re

corded at the same conditions as the spectra that wil! be dealt with bere

after. Two types of band are observed: bands due to the adsorbent (at Raman 

shifts of 980 cm-1, 800 cm-1, 606 cm-1 and less than 500 cm-1) and argon

ion emission lines (E). The frequency difîerences between these E-lines and 

the exciting line can be calculated from their known wavelengths. For the 

blue line of the argon-ion laser these values are given in Table 1. 

Table 4. 1 

Spurious lines due to emission from the laser plasma 

Wavelength Frequency Calculated Observed 
(nrn) (cm- 1) Raman shift Raman shift 

(6 cm- 1) (Ll cm-I) 

488.0 20492 0 0 
493.3 20272 220 221 
496.5 20141 351 351 
497.2 20113 379 380 
500.9 19964 528 529 
501.7 19932 560 560 
506.2 19755 737 737 
514.2 19448 1044 1044 
514.5 19436 1056 1057 
528.7 18914 1578 1580 

' Without interferencc filter; arbitrary units. 

Observed 

intensity* 

39 
47 
14 
59 
33 
53 
18 
45 

6 
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Figure 4.2 

Raman spectrum of Ketjen alumina 

(E ~ laser plasma emission). 

Figure 4. 3 

Raman spectrum of adsorbed DIMP. 

E 



} 
3000 

Figure 4. 4 

Raman spectrum of adsorbed DMPF. 

Figure 4. 5 

Raman spectrum of adsorbed sarin. 
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The bands in Figure 4. 2, marked E, correspond with the most in

tense lines of Table 4. 1. (These lines are detected only when spectra of 

solids are recorded at the highest sensitivity settings.) Another line of ob

scure origin (ghost ?) is - under these circumstances - observed at a shift 

of 297 3 cm - 1. 

Comparison of the calculated and observed "Raman shifts" of the 

emission lines gives a good impression of the accuracy of the wavenumber 

scale of the instrument. 

In the Raman spectra of adsorbed species all bands that are also 

observed in the spectrum of alumina will be shaded. 

DIMP 

Comparison of the spectra of liquid and adsorbed DIMP (Table 4. 2) 

does not reveal quite exciting features. At 2945 cm - 1 a shoulder may be 

distinguished that does not occur in the spectrum of the liquid (Fig. 4. 3). 

Besides, it is hard to observe a phosphoryl stretching: we are inclined to 

observe two rather diffuse and weak bands at about 1240 and 1210 cm - 1 as 

such. A value of 1210 cm - 1 is in good agreement with the phosphoryl fre

quency of the adsorbed compound, observed in infrared (Table 3. 1). The 

band at 1240 cm - 1 then probably originates from physisorbed species, 
-1 

which would simultaneously explain the existence of a 2945 cm band. 

DMPF 

Two weak bands may be observed in the spectrum of adsorbed DMPF, 
-1 at about 1170 and 1075 cm , respectively, originating from POO-stretchings 

(Fig. 4.4). The spectrum does not allow to decide whether or notmolecules 

containing a P=O grouping are still present, the more so as the percepti

bility of a P-F band - if present at all - is reduced by the 800 cm -
1 

scat

tering of alumina. The origin of the surprisingly intense band at 402 cm -
1 

is somewhat enigmatic. Tentatively we propose to assign this band to a P02 
deformation mode, as its frequency is not far from that of the P02 scis

soring exhibited by the [(CH3)2P(0)2 ] anion (6). 
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Sar in 

The good quality of the spectrum of adsorbed sarin allows to draw 

some firmer conclusions (Fig. 4. 5). Table 4. 4 shows that the dUferences 

between the spectrum of the liquid and that of the adsorbed compound are 

relatively small. Even the phosphoryl frequency has only shifted some 

20 cm - 1• No POO bands can be observed, which might be caused by the 

bands of the isopropyl rockings. On the other hand, the ratio of the inten

sity of the shoulder at 840 cm - 1 and the band at 882 cm - 1 is about the 

same as that of the P-F stretching and the C-C-C stretching in the spec

trum of the liquid, which suggests that the majority of the adsorbed mole

cules have not been hydrolyzed. The relatively small shift of the phosphoryl 

frequency causes us to believe that the adsorption is physical or weakly 

chemica!. However, some weak bands may be observed between 1240 and 
-1 1200 cm . Therefore, the apparently contradictory outcomes probably are 

the result of a high surface coverage (intentionally created in order to ob

tain a good spectrum). For this reasou it is unfortunate that - so far - we 

have not been able to produce a Raman spectrum of sarin adsorbed on mag

nesia. 

4. 4 CONCLUDING REMARKS 

The major coneinsion that may be drawn from the results, presented 

in this chapter, is that good Raman spectra can be obtained from organo

phosphorus compounds adsorbed on y -alumina. However, the followed pro

cedure of sample preparation appears to be far from perfectly controlled. 

The Raman spectrum of adsorbed DMPF concurs with infrared data, where

as that of adsorbed DIMP shows some evidence of physisorbed material, 

not noticed in infrared. The Raman spectrum of adsorbed sarin even shows 

mainly bands that are thought to be characteristic of physically bonded 

species. This observation might he somewhat misleading, as the Raman 

intensities of vibrations that correspond to chemisorbed material are very 

weak (P=O and POO stretchings). However, both for DIMP and sarin evi

dently some physisorption has occurred, which binders a meaningful com

parison of the Raman and infrared spectra. Therefore, in view of the re

liability of the results we believe a good in situ Raman cell, or at least 

a vacuum cell fitted with an optical flat, to be of the first importance. 
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Table 4. 2 

Raman spectra of DlMP 

liquid adsorbed assignment 

2990 s 2987 rns v as CH3 (ipr) 

2945 sh 

2933 vs 2934 s V s CH
3 

(ipr, me) 

2880 rn 2880 rn V :;.e-H 

2740 w 

1458 rns 1460 rn ö (ipr) 
as 

1428 { 1430 w 
ö sh 

1420 c~ (me) 
w as 

1392 w 1396 w ê 
5 

CH
3 

(ipr) 

1360 rn 1360 w Ó -t-H 
I 

1245 m 1240 w V ~0 

1210 w v P=O (ads) 

1180 rn 1185 w 

I 1143 m 1145 w CH
3 

rock (ipr) 

1110 rn 1105 w 

1015 w v C-0-(P) 

982 w V C-0-(P) ? 

938 w 938 w \! C-C-C 
as 

924 w CH
3 

rock (me) 

880 ms 882 m V C-C-C 
s 

792 m V as P02 

748 w 748 w V P-C 

721 vs 716 m v
8 

P0
2 

504 ms 

435 m 

345 w 

274 ms 

248 ms 

146 m 
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Table 4. 3 

Raman spectra of DMPF 

liquid adsorbed assignment 

3001 m 3001 ms \) CH
3 as 

2928 s 2930 s \) 
s 

{ 1430 m 
1424 f, 

1414 
m as CH3 m 

1320 r327 w 
ó w 

1304 s CH3 w 

1246 m \! P~o 

1170 w \) POO 
as 

1075 w \) POO 
s 

928 {930 w 
CH

3 
rock in-phase m 

915 w 

887 w 880 w CH
3 

rock out-of-phase 

856 vw 

815 w \! P-F 

764 m 755 w \!as PC2 

699 vs 713 ms \1
5 

PC
2 

415 m o~P-F bend in-plane 

406 m 0= P-F bend out-of-plane 

402 s ó P0
2 

? 

332 mw PC2 wag 

280 m PC2 twist 

261 m PC2 def 
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Table 4.4 

Raman spectra of Sarin 

liquid adsorbed assignment 

3006 sh 3005 m V as CH3 (me) 

2992 s \) CH
3 

(ipr) 
as 

2935 vs 2936 s v
5 

CH
3 

(me) +\Is CH
3 

(ipr) 

2880 m 2885 m v.:;c-H 

1460 m 1460 ms 6 as CH3 (ipr) 

1426 m 1432 m 6 as CH3 (me) 

1394 w 1392 w 5 s CH
3 

(ipr) 

1372 w 

1360 m 1360 w 6 .:;e-H 

1328 w 6 (me) 
s 

1279 m \) P=O 

1260 w V P=O (ads) 

1185 m 1184 w 

} 1147 m 1145 m CH
3 

reek (ipr) 

1105 m 1100 w 

1018 mw 1020 vw V C-0-(P) 

936 w 938 w c-c-c 

926 w } CH
3 

rock (me) 

912 w 910? vw 

888 m 882 m \) C-C-C 
s 

840 w 840? w,sh v P-F 

780 m V P-C 

726 vs 736 s V P-0-(C) 

700 sh 

etc. 
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CHAPTER 5 

HYDROLYSIS OF ADSORBED SARIN 

5. 1 INTRODUCTION 

In chapter 3 it has been shown that two different decomposition reac

tions may occur when sarin is adsorbed on y-alumina: hydrolysis and de

alkylation. Since a volatile product (propene) is liberated during dealkylation 

the reaction can be foliowed easily by means of a gaschromatographic tech

nique (chapter 6). All products of the hydrolysis reaction remain adsorbed 

on the alumina surface, which precludes the use of standard techniques nor

mally applied to study heterogeneous catalytic reactions. Moreover, infrared 

spectroscopy, although very helpful in the identification of adsorbed struc

tures, may not be expected to yield accurate quantitative data, because of 

the overlap of infrared bands of reactant and reaction products. 

There is a useful metbod to study specifically the hydralysis reac

tion, starting from a routine test often applied in this laboratory to detect 

small concentrations of sarin in air. According to this metbod sarin is 

collected from the atmosphere on silica paper. The paper is subsequently 

extracted with an alcohol (methyl isobutyl carbinol, abbrev. MIC) and the 

quantity of sarin in the alcohol is then determined via a colour reaction. 

The same extraction procedure can be applied when active carbon is used 

as adsorbent: sarin can be completely extracted from this material with a 

mixture of MIC and acetone. We have applied this procedure to alumina: it 

will be shown that with MIC/acetone all sarin can be removed from alumina, 

whereas the hydrolyzed compound remains at the surface. This routine 

procedure enables, therefore, to study the hydrolysis reaction of sarin ad-
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sorbed on alumina with relatively simple aids and appliances. 

A difficulty arising in the colorimetrie determination is the inaccu

racy inherent in the method of investigation. In an attempt to obtain more 

conclusive data experiments with radioactive labeled sarin have been per

formed, which enabled to evaluate more accurately the quantity of adsorbed 

and extracted sarin. These experiments have produced both reliable and in

teresting results. 

Another method to follow the hydrolysis reaction accurately is the 

measurement of the heat of reaction, generated during decomposition of 

adsorbed sarin, by means of a microcalorimeter. This technique is described 

by Van Bokhoven (1). The disadvantages inherent in this method arise from 

the fact that all heat generated by the reaction system, is detected. As a 

result, the calorimeter does not discriminate between the heat generated by 

hydrolysis, by dealkylation or by adsorption. However, it will appear from 

chapter 6 that - under most circumstances - the rate of dealkylation can be 

neglected relative to the rate of hydrolysis, whereas the separation of the 

heat of adsorption and of hydralysis can be effected by a suitable mathemat

ica! procedure. Therefore, this chapter will frequently refer to the results 

of the microcalorimetrie investigation. 

5. 2 EXPERIMENT AL METHODS 

Apparatus 

The apparatus (shown in Fig. 5. 1) consists of an oil diffusion pump 

(A) and a rotary pump (B), connected to a vacuum line as shown. This line 

8 

Figure 5.1 

Adsorption apparatns. 
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has two dosing points (C and D) and eight connections for U-tubes in which 

the adsorbent under investigation is held. In addition, there is a valve (E) 

which opens to the air and two taps (F and G) which conneet to pressure 

meters. The U -tubes are fitted with ground glass joints and have a sintered 

glass shelf on which the actsorbent is held. The tubes can be thermostated 

in a water-bath (H) or heated in an oven if required. 

Procedure 

The eight U -tubes are charged with eight samples of approximately 

the same weight (normally 300 mg) of adsorbent. The samples are then 

evacuated for at least 16 hours at a pressure of 10-3 Torr. Subsequently 

they are exposed to sarin vapour for about 60 minutes at a vapour pressure 

of approximately 2 Torr. The tubes are then shut off fröm the vacuum line. 

After selected periods of time they are removed and the samples are ex

tracted with a mixture of methyl isobutyl carbinol (MIC) and acetone (50/50 

v/v). The amount of sarin in the extracted solutions is determined by means 

of a colour reaction, described by e.g. Marsh and Neale (2). This reaction 

can be applied to organic phosphoro- and phosphono-fluoridates as well as 

to a wide variety of other compounds of the acid halide and acid anhydride 

types which can react rapidly with the perhydroxyl ion to form a per-acid. 

The latter then oxidizes o- di anisidine hydrachloride (''DA'') to a coloured 

material (A max = 455 nm). A reaction mechanism has been proposed by 

Gehauf et al. (3). 

The extinction of samples of the extracted solutions, treated with 

the DA-reagent, was measured with a Unicam SP 600 spectrophotometer. 

A preliminary experiment showed that a salution of hydroxysarin in 

MIC/acetone was not coloured after mixing with DA-reagent. 

Experiments were carried out under various conditions. Actsorbent 

pretreatment, reaction temperature (0-40°C), reaction time (1-150 hr) and 

degree of actsorbent loading with sarin (surface coverage 20-80% of a mono

layer) could be varied. Moreover, water vapour could be added at the start 

or in the course of the reaction. In order to provide camparabie surface 

coverages with sarin, adsorption was normally carried out at the same tem

parature (20°C). 
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Adsorbents 

Al
2
o

3
: 

All experiments performed with alumina were carried out using the 

Ketjen product described in chapter 3. Degussa alumina was useless as the 

MIC/acetone mixture changed this material into a gelatinous matter, pre

venting any reliable extraction performance. 

Al2o3 + 1% NaOH: 

This actsorbent was prepared by m1xmg 3 g Ketjen alumina with a 

solution of 200 mg NaOH in 100 ml water (0. 2% w/w) for about 10 minutes. 

The material was then dried at 180°C for 3 hours in air. Analysis of the 

salution obtained when 0. 3 g of this actsorbent was extracted with 500 ml 

MIC/acetone, proved that no base was eluted. 

Al2ü 3 + 2. 55% Crüx: 

Ketjen alumina was impregnated by mixing with a salution of Crü
3 

in water. After 24 hr the mixture was filtered; the product was dried and 

finally heated in oxygen at 550°C. The average valency of the chromium 

ions was about 5. 5, the chromium oxide being dispersed probably in a 

monolayer over the alumina surface. The surface area was 227 m2 /g, ac

cording to the nitrogen BET method. The preparation and properties of this 

actsorbent will be described in more detail elsewhere (4). 

The adsorbents were stored under ambient conditions and before use 
-3 evacuated during 17 hours at pressures as low as 10 Torr at different 

temperatures. The experiments described in this report refer mainly to 

room temperature pretreatments. 

5. 3 RESULTS AND DISCUSSION 

Seventy-one experiments have been performed in the manner de

scribed in the foregoing section. In spite of several improvements of the 

apparatus and procedure the experiments proved to be rather unsatisfactory 

as to their reproducibility. Error in results due to the DA colour reaction, 

proved of the order of 5% and some irregularities could also be attributed 

to variations in adsorbed quantities between the different U-tubes, although 
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loaded under similar conditions. Besides, for most experiments the number 

of points, a maximum of eight, was too small to determine the kinetics of 

the decomposition reaction. Therefore, experiments carried out under iden

tical conditions have been combined and averaged as indicated in Table 5. 1. 

Table 5.1 

Classificatlon of experiments 

Number of Adsorbent Water Results presented 
identical added in Figure no. 

5 AI
2
o

3 
no 5.2 

5 Al
2
o

3 
yes s. 3 

3 Al
2
o

3 
1% NaOH no 5.4 

3 + 2.55% CrO no 5. 5 
x 

7 Al
2
o

3 
2. 55% CrO yes 5.6 

x 

To be able to combine experiments the values of C/C
0 

(the ratio of 

the concentration of sarin in the extract measured after a certain time by 

the DA method, to the concentration measured similarly but immediately 

after dosing) have been calculated. For most experiments the dosing time 

was about one hour, so C 
0 

is not necessarily equal to the quantity of ad

sorbed sarin. For pure alumina C
0 

values were found between 75 and 

125 mg/gram adsorbent. In Figs. 5. 2-5.6 the average values of C/C 
0 

have 

been plotted as a function of reaction time. An estimate of the standard 

deviation, calculated from the range and the number of experiments, is in

dicated in the figures. 

0 ~o-----,~o~oo~--~2~o~oo~--~3~o~oo~---.~o~oo~--~5~o~oo~--~s~o~oo~--~7;o~o~o 
!!mini 

Figure 5.2 

Decomposition of sarin adsorbed on Al
2 

0 
3

• 
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t lmml 
Figure 5.3 

Effect of water on the decomposition of sarin on AI
2
o

3
• 

5000 6000 7000 

t (min) 

Figure 5.4 

Decomposition of sarin on AI
2
o

3 
-NaOH. 

0.5 

t (mm) 

Figure 5. 5 
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t 

Figure 5. 6 

Effect of water on the decomposition of 
sarin adsorbed on Al

2
o

3
-Cr0x. 

t (min} 

The figures show a change with time in the quantity of adsorbed 

sarin that can be extracted with MIC/acetone. In view of the findings, given 

in chapter 3, we feel justified to relate this change to a surface reaction. 

(Later on it will be shown that the deercase of the extractability is caused 

by hydralysis of adsorbed sarin. ) 

Comparison of Figs. 5. 2 and 5. 3 reveals the accelerating influence 

of water on the reaction. The same effect of water is observed for chromium

impregnated aluminas (compare Figs. 5. 5 and 5. 6). From Figs. 5. 2 and 5. 5 

it follows, that impregnation of alumina with chromium trioxide does not 

have a promoting effect on the rate of the process (the reaction is even 

slower). However, all chromium-impregnated aluminas gave a higher C
0 

value (about 150 mg sarin/gram adsorbent), which implies that the quantity 

of sarin decomposed in a certain period, is about the same for both types 

of adsorbent. 

The observed effect of water suggests that a hydralysis reaction is 

observed. In view of the results of the infrared study it might have been 

interesting to try magnesium oxide as adsorbent. However, the magnesia 

used interfered with the DA reaction resulting in a cloudy, light absorbing 

solution, although a perceptible colour was never developed. For this rea

son the alumina was doped with sodium hydroxide (see sectien 5. 2). This 

adsorbent showed a considerably higher activity than pure alumina (Fig. 5. 4). 

In order to check whether hydrogen fluoride, which is formed as a conse-
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quence of hydrolysis, poisons the decomposition reaction hydragen fluoride 

was applied to the catalyst after the adsorption of sarin. This did not seem 

to affect the rate of reaction. 

In two experiments water was admitted to the alumina prior to the 

adsorption of sarin. In both cases the curve of Fig. 5. 2 was found. Wben 

water was added after the reaction had proceeded for 20 hours the same 

effect as observed in Fig. 5. 3 was found (Fig. 5. 7). 

05 

t !min) 

Figure S. 7 

Effect of water on the decomposition of sarin. 

To obtain further and more accurate information several experiments 

have been performed using radioactive labeled sarin (32P). The activity of 

the alumina samples was measured by means of a Geiger-MÜller counter in 

a fixed geometry, both before and after extraction with MIC/acetone. More

over, the activity of the MIC/acetone salution was determined as well as 

its sarin content (DA-determination). All measured radioactivities have been 

corrected for background radiation, dead time of the counter and decay of 

radioactivity. In Table 5. 2 the results of one of these experiments are 

given. 

The most striking feature of Table 5. 2 is the high activity of the 

solid samples after extraction. At least 40% of the adsorbed sarin can not 

be removed from the surface immediately after dosing (t 60 min). This 

implies that the DA methad enables to follow the decomposition of only that 

fraction sarin that is still extraetabie 60 minutes after adsorption. 
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Table 5.2 

Extractability of adsorbed radioactive sarin as a function of time 

Tbne Tube 
Solid (counts/min) Salution 

(min) No. 
befare extr. after extr. fraction extr. counts/min DA (mg/g) 

60 13,888 5681 0.58 3028 79.6 

310 8 13,896 6413 o. 54 2692 72.2 

1370 2 14,714 8256 0.44 2237 57.3 

1670 7 14,623 8564 0.41 2149 56.5 

2970 3 15,609 9345 0.40 2253 58.2 

3095 6 15,864 9826 0.38 2192 56.9 

7155 4 16,796 11' 679 0.31 1786 45.7 

7220 5 16,796 11,493 0.32 1882 48.8 

Another remarkable thing is the unequal radioactivity of the solids, 

as measured before extraction. This may be explaL."led in two different ways: 

either the sensitivity of the counter of the solid samples has increased with 

time or the distribution of sarin over the eight alumina samples has been 

unequal (the tube numbers in Table 5. 2 correspond to the numbers in 

Fig. 5. 1). 

For the case of an increasing sensitivity of the solid counter the col

umn that lists the fraction extracted sarin needs no correction as the activ

ity of the solids after extraction was measured just about 100 minutes after 

the corresponding counting before extraction. The solutions were all roea

sured within a period of less than two hours, using a different counter. 

For unequal adsorption the last two columns give a distorted idea of 

the change of the extractability with time and have to be corrected. 

An impression of the influence of a correction for unequal adsorption 

may be obtained from Table 5. 3. In this table c/c -values are listed, calo 
culated from the last three columns of Table 5. 2, simply by dividing the 

numbers in each column by the corresponding value at t =; 60. 

Table 5. 3 shows that there is a very good agreement between the 

C/C
0 

-values obtained from the radioactivity of the solution, and the DA 

measurement, whereas the values obtained from the solid countings devi

ate at larger re action times. However, when the results of the solutions 
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Table 5. 3 

C/C
0

, calculated from Table 5.2 

Time fraction extr. r. a. solution DA solution r. a. solution; corr. 

60 1.00 1. 00 1.00 1.00 

310 0.92 0.89 0.91 0.89 

1370 0.75 0.74 0.72 0.70 

1670 0.71 0.71 0.71 0.68 

2970 0.69 0.74 0.73 0.66 

3095 0.65 0.72 0.71 0.63 

7155 o. 53 0.58 0. 57 0.49 

7220 o. 55 0.62 0.61 0,51 

r. a. = radioactivity 

are corrected for the inequality of the sarin adsorption on the samples, the 

values of the last column are obtained, which agree much better with the 

decrease of the fraction that is extracted. Evidently the differences in radio

activity measured before extraction (Table 5. 2), must be attributed to dif

ferences in the sarin adsorption between the eight samples. 

When the radioactivity of the solution is plotted against the concen

tration of sarin in the solution a straight line through the origin is obtained. 

A similar relation is found between the concentration of sarin in the solu

tion, corrected for unequal adsorption, and the deercase of the radioactivity 

of the solid, caused by extraction (compare the C/C values of Table 5. 3). 
0 

This strongly suggests that solely unreacted sarin is extracted. Consequent-

ly, it is very probable that hydrolyzed sarin is not extracted. This, how

ever, does not necessarily imply that all non-extracted compound is decom

posed sarin. 

In Fig. 5. 8 the fraction sarin that has been extracted (X), is plotted 

against time. A curve very simHar to that of Fig. 5. 2 is observed. To ob

tain more detail about the first part of the curve an experiment was per

formed in which all tubes were measured within 120 minutes after admitting 

sarin. The results obtained in this way, are indicated by the dashed line 

in Fig. 5. 8. Obviously the two experiments do not generate the same curve. 
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Figure 5. 8 

X (= fraction extracted sarin) as a function of time. 

o=exp 3 

e 
Figure 5. 9 

X after 60 min. as a function of the coverage Q. 

c 

" 0 
~ 

"' E 

t 

The only difference between these two experiments is the coverage 

of the alumina by sarin: e = 0. 8 for the first experiment and e ""' 0. 25 for 

the second. This suggests that the degree of coverage has some influence 

on the rate of reaction. This supposition was checked by a third experiment: 

the samples in the U-tubes were charged differently with sarin and the ex

tractable fraction (X) was measured 60 minutes later. The results of this 

experiment are shown in Fig. 5. 9, together with the values obtained from 

the two other experiments belonging to that same periode (t = 60 min.). 
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Experiments 1 and 3 do not concur quite too beautifully but never

theless the tendency that relatively more sarin is extracted at higher cov

erages, may clearly be observed. In other words, the rate of reaction is 

relatively higher at a lower coverage. 

Additional information concerning the features "extractable" and "non

extractable" may be derived from three more experiments performed with 

radioactive sarin, listed in Table 5. 4. 

time (min) 

30 

45 

90 

120 

150 

270 

1240 

Table 5.4 

X t measured under various experîmental conditions 

Water vapour added 
to adsorbed sarin 

0.20 

0.04 

0.01 

0.01 

Extraction per

formed with water 

0.95 

0.97 

Alumina doped 
with Jll' 

0.98 

0.98 

0.98 

The experiment performed in the presence of water vapour shows 

the dramatic influence of water on the conversion "extractable" - "non-ex

tractable11, which is very similar to the effect visualized in Fig. 5. 3. 

When the extractions are carried out with water instead of MIC/ace

tone nearly all sarin is removed from the alumina and the amounts reacted 

cannot be distinguished any more. 

When the adsorption of sarin is preeeerled by adsorption of hydrogen 

fluoride only the extraetabie structure is formed and no reaction is observed. 

The quantity sarin that was adsorbed on this HF-doped catalyst was the same 

as found for normal alumina. This experiment is in perfect agreement with 

infrared results showing the poisoning effect of HF on the hydrolysis of 

structure I (chapter 3). Other indications that the hydralysis reaction ob

served by infrared measurements, is identical to the reaction foliowed here, 

are supplied by the effect of water or a basic actsorbent on the rate of re

action. 
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Fig. 5.10 plots C/C
0 

against time (from Fig. 5. 8) as well as the 

relative intensity of the 1245 cm - 1 infrared band, which was found to be 

characteristic for structure I. The agreement is remarkable, especially at 

lower t-values, the more so as the extraction experiment was performed 

with Ketjen alumina whereas Degussa alumina was used for the intrared 

measurements. 

Figure 5. 10 

C/C
0 

compared to l/1
0 

at different times (J = intensity 
-1 

of the 1245 cm infrared band of adsorbed sarin). 

From the results presentod so far, it seems justified to identify the 

conversion of extraetabie into non-extraetabie compound with the hydralysis 

of structure I to structure II, as described in chapter 3. 

5.4 KINETICS OF HYDROLYSIS 

In spite of a certain inaccuracy of the measurements we have at

tempted to determine the kinetics of the hydralysis reaction of adsorbed 

sarin. Various relationships between C / C 
0 

and time (t), corresponding to 

some inherently possible kinetics, have been tried: 

Oth order 

1 st order 

dC _ k _ C 
- dt-

kC - log 

1 - k't 

- kt 
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1 st order with 1 st order poisoning by reaction product: 

_ dc = k _c_ 
dt c -c 

0 

nd dC 2 
2 order : - dt = kC -

c 
log C + 

0 

- 1 = k't 

= k't 

2nd order with 1 st order poisoning by reaction product: 

co c c- 1 +loge= kt 
0 

Since the curve of Fig. 5. 2 is not a straight line a Oth order reac-
. st nd tion can be precluded. The equatwns for the 1 and 2 order did not fit 

the results either. In view of the influence of HF on the rate of hydrolysis 

kinetic relationships involving poisoning were examined, but the results 

could not be described with these kinetics. 

Encouraged by the results of the microcalorimetrie study of the same 

reaction system (1) we have checked whether the measured decomposition 

reaction follows Zeldovich kinetics (see e.g. ref. 5). The equation that de

scribes these kinetics may be derived when the following assumptions are 

made: 

1. sarin molecules are immobile after adsorption (localized adsorption); 

2. by adsorption the sarin molecules are distributed over surface sites of 

different activation energy for reaction; 

3. the reaction is 1 st order in sarin and Oth order in any other reactant. 

For the fraction of adsorbed sarin molecules that will decompose 

overcoming an activation energy E, the rate of reaction is given by 

which leads to the solution 

-k t 
C C

o E 
E Ee 

k rate constant 

C concentration 

C0 concentration at t 0 
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The overall rate is given by the integral: 

The integration can be performed only if it is known how C~ depends on E. 

Let us assume that C~ is constant for all values between E
1 

and E
2 

(block 

distribution), then: 

Making use of this relation one obtains: 

-k t 
e E dE 

This integral can be evaluated making use of the relation: 

Substitution gives: 

dC 
-dt= e-kt dk 

(1) 

If k
1 

is sufficiently large and k
2 

sufficiently small the bracketed 

term equals 1 in a certain time interval (see also Fig. 6. 8) (1). In that 

period the rate is inversely proportional to time: 

dC _ AC
0 

A = __!!!..__ 
-dt - -t- with E E (2) 

2- 1 
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or 1 - A log (t + t 
0

) (3) 

(t
0 

is added to compensate for the approximation of the e-term by one, 

which is not correct at small t-values and would have led to an infinite rate 

at t = 0). 

In the above derivation a distribution in the activation energy E is as

sumed. However, Van Bokhoven shows that it is possible to discriminate be

tween the contribution of the energy (enthalpy) and that of the frequency fac

tor (entropy) to the distributton (1). Therefore, it is more relevant to write 

llG (free enthalpy of reaction) instead of E. Because a distribution in the 

activation entropy appears to be negligible, the notation with E will be fol

Iowed here. 

In fact, the Zeldovich equation 3 gives a good fit for most experi

ments, except for the reaction on sodium doped alumina (Figs. 5.11-5.15). 

These figures show the results of single experiments and are, therefore, 

not completely comparable to the averaged results in Figs. 5. 2-5, 6. The 

limited accuracy and reproducibility of the results prevent the definite iden

tification of the kinetica with a Zeldovich type. 

The results of the microcalorimetrie study of the reaction are far 

more accurate and convincing on this matter, showing straight lines, com

posed from hundreds of points, in rate vs 1/t plots (1), 

With the derivation of the Zeldovich equation two assumptions have 

been made, which have not been proved as yet. The decomposition reaction 

is not necessarily first order in sarin concentration and the distribution of 

sarin molecules over surface sites of different activation energy might not 

be even, However, Van Bokhoven has shown that other assumptions with 

respect to these matters lead to equations descrihing a very similar rela

tion between rate and time (1). 

Equation 2 demonstratea that at a given time the rate of reaction is 

proportional to the absolute temperature. For various temperatures the 

value of A may be obtained from the slope of the curves in Fig. 5. 16 

(Table 5. 5). For instance, the ratio between the slopes of the curves be

longing to experiments performed at 22°C and 0°C is 1.14, corresponding 
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c 
Ca 

0.5 0.5 

Sarin/Al203 - NaOH 

Jr---~---.------·----"\ 1.01---------·---------1 

0.5 

0.5 

10 

t (min) t (min) 

Figures 5. 11-5. 13 Figures S. 14- S. 16 

Results of hydralysis experirnents plotted against log t. Fig. 5. 16 shows the results of 

experirnents performed at different temperatures: o 0°C, x = 22°C, D 32. 

b. = 40°C. 

to a ratio in absolute temperature of 1. OB. The rate dependenee on the tem

perature for non-Zeldovich kinetics is usually determined by the rate con
stant: k k -E/RT oe . 

If we assume that the reaction follows first order kinetics, the ratio 

of the rates at two different temperatures is 
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Therefore, 

For the experiments performed at 22°C and 0°C, shown in Fig. 5.16, 

r(T) and C(T) are known and k(T 1) /k(T 2) can be calculated; the value, thus 

obtained, varies in the time interval from 200 to 7000 min. between 1. 2 

and 1. 4. With a mean value of 1. 3 we obtain: 

k e -E/(R. 295) 
0 

k e -E/(R. 273) 
0 

8
0.000135 E 

E 

1.3 

1.3 

=: 2 kcal/mole 

An activation energy of 2 kcal/mole is extremely small and the ob

served temperature dependenee of the rate of reaction is, therefore, in 

favour of Zeldovich kinetics. 

From the values of A E
2
-E

1 
may be calculated: Table 5. 5. 

Table 5. 5 

Values of A and E
2 
-E

1
, calculated from Fig. S. 16 

E2-El after correction 
T(C) A 

(kcal/mole) 
A E2-El 

0 0.086 6. 3 0.052 10.5 

22 0.098 6.0 0.059 9.9 

32.5 o. 173 3.5 o. 104 5, 8 

40 0.212 3.0 0. 127 5.0 

The calculated values of A en E2-E
1 

must be corrected because C
0 

in the Zeldovich equation stands for the total quantity of adsorbed sarin, 

whereas the measured value of C is approximately 60% of this quantity 
0 

(Fig. 5.9). When E
2
-E

1 
is evaluated from the slope of the lower curve of 

Fig. 5.13, the correction can be omitted and a value of 9. 4 kcal/mole is 
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obtained for T = 22°C. 

Table 5. 5 shows that the results of the experiments performed at 

32.5 and 40°C, differ considerably from those carried out at 0 and 22°C, 

more than is predicted by the Zeldovich equation. Such large differences 

did not appear in the microcalorimetrie investigation. The explanation for 

this phenomenon must probably be found in experimental conditions. In all 

cases adsorption was carried out at room temperature; the reaction temper

ature was set afterwards by a quick change of the temperature of the water

bath. At reaction temperatures above room temperature some desorption of 

water from the alumina surface will have occurred, generating a humid at

mosphere in the closed U-tubes. An increased value of A has thus been 

measured. 

The E2-E1 values quoted in Table 5. 5, are of the same order as 

the values obtained from calorimetrie experiments: with a pretreatment and 

reaction temperature of 25°C a difference in activation energy of 12.8 kcal/ 

male is found (1). 

5. 5 CONCLUSIONS 

From the experiments performed with radioactivo sarin, one may 

conclude that solely unreacted sarin is extracted with MIC/acetone from the 

adsorbent. The experiment with HF-doped alumina proves that it is possible 

to remave all (unreacted) sarin from the actsorbent by means of the extrac

tion procedure followed. Combined with the observed resemblance with infra

red data this indicates, that all adsorbed species that cannot be extracted, 

is essentially decomposed sarin. Consirlering the effect of water on the 

conversion of extraetabie into non-extraetabie species we feel justified to 

identify this reaction with the hydrolysis of adsorbed sarin as observed in 

infrared: 

structure I 
(extractable) 

structure II 
(non-extractable) 
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Three facts demonstrate that mainly basic surface sites activate this 

hydralysis reaction: 

impregnation of the alumina with sodium hydroxide increases the rate of 

reaction; 

- impregnation with chromium trioxide has no accelerating influence on the 

rate of reaction, although more sarin is adsorbed; 

adsorption of hydrogen fluoride on alumina prior to sarin admittance in

hibites the hydrolysis reaction completely. 

The kinetics of the reaction can best be described by the Zeldovich 

equation, the rate being inversely proportional to the time of reaction. This 

explains the large degree of conversion observed in the first 60 minutes. 

The assignment of the killetics to the Zeldovich type has been ar

rived at also on account of the results of a microcalorimetrie investigation 

of the same hydralysis reaction (1). 

The dependenee of the rate on the surface coverage might be ex

plained by a poisoning influence of formed and adsorbed hydrogen fluoride: 

the effect of this will decrease with the coverage. However, this supposi

tion is not supported by the outcomes of the experiment in which hydrogen 

fluoride was admitted to adsorbed sarin: no marked change of the rate of 

reaction was observed. Therefore, we prefer to explain the influence of the 

coverage by the Zeldovich model. It is not impossible that sarin molecules 

are adsorbed preferentially on surface sites with a relatively low activation 

energy for reaction, which will result in a higher rate of hydralysis than 

may be expected on account of an even distribution of molecules over dif

ferent sites. 

94 



CHAPTER 6 

DEALKYLATION OF ADSORBED SARIN 

6.1 INTRODUCTION 

The infrared experiment described in section 3. 3. 3, shows that some 

time after the adsorption of sarin on alumina propene and co
2 

can be de

tected in the vapour phase. No hydrogen fluoride was detected. These ob

servations were confirmed by mass speetrometrio analysis of the vapour 

phase. Obviously a decomposition reaction of adsorbed sarin occurs, differ

ent from the hydrolysis, and in view of the formation of propene this reac

tion will be referred to as dealkylation. 

Since a volatile reaction product is liberated during dealkylation, this 

decomposition can be followed easily by means of a gaschromatographic tech

nique. The method of investigation guarantees rather accurate results, which 

might facilitate the identification of the kinetics of the dealkylation reaction. 

To obtain more details about the reaction experiments performed with 

other adsorbents and organophosphorus compounds have been included in this 

study. 

6. 2 EXPERIMENT AL METHODS 

Apparatus 

The basic scheme of the apparatus is set out in Fig. 6.1. A flow of 

dried nitrogen is passed through a flow regulator and fed via a rotameter 

into either the sample U-tube (B) or a reference tube (A) of the same di-
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mensions. The direction o! the flow at this point is determined by two ma.g

net!c valvel:'l (1 and 2) whieh are controlled by an automatic system. 

Figurc: 6. I 

1 and 2 magnctiç V=il1vcs D detector 
A ~ X'l."!:(ere.ace tl.<be E COIJV-E::I"li:!I" 

B ::;ampl~ t:ub~ F ; r~.:o:rd~• 

C colurnn C : r-.r~lihrR:tion ga~ cntry 

Fur most experiments in every lwenty minutcs interval the flow pass~o~d 

fur two rninutes through the sample tube. The gasflow is then directed, J•ia 

a drying tube if neceseary, to a ga.s chromatograph, fittcd with a flame 

ionizat~on detector which burns a. mirlllre of five parts air to une pa.rt hy

drogen to two an(l a hal:! varts nitrogen. The chrum:üog:taph is equiped with 

a column, filled with 15% diethene glycol t~ucctna.t~ on Diatoport S (60/8(! 

mesh), 3 m in lcngth and with a diameter of 'I mm, and thermoatated at 

40°C, CaBbration of this apparatus is ca:tried ol,lt using the equipment and 

mcthod described by Braber (1). Concentrations of propene of apptoximately 

10 ppm can be easily and accurately obtained with th.is in$ti'l..Iment_ The re

$1,llting gas mixture is injected at point G and the peak ean be measured te 

give a conversion factor between psak area and quantity. 

Px·ocedure 

A sample of about 300 mg of the adsorbent under investigatlon is 

weighea lnto a U-tube and attached to the vaeuum line de.sci'ibed in the pre

vious chapter. U Î$ thsn evaeuated for a pertod of not less than sixteen 

houril at a pressuno of 10-3 Torr. During this time the tube may be heated 

if l"equlred. The U-tube together with the tap which forms the conneetion 

with the vacuum l!ne are J'emoved and weighed before and after adso:r:ptlon 

to determine the amount of mateda.l adsorbed. Bef<>re the flnal weighing 



the tube is evaouated to remove as much phyaically adsorbed material as 

possible, The tube is then tilled with dry nitrogen and connected to the in

jection syl'ltem. 

During the experiment the t.1be is l<:ept at a cOnl'ltant temperature by 

means of a thermostatically controlled ja.cl;:et which is preset to the required 

temperature. 

For all experiments adsorption occurred at room temperature. 

The surface coverage by sarin of each sample was calculated from 

the weight increase of the U -tube upon adsorption, assuming tb at 1 m.g omrin 
2 

covers 1. 7 m of the adsorbent surface when adsorbGd in a mon.olayer (see 

chapter 7). The error in the weighings mlght have oaused an absolute inac

ouracy of 0. 05 in the coverage:s thus calculated. 

Adsorbents 

The adsorbentil ueed throughout tbie study have been described be

fore (chapter.<; 3 artd 5). 

6. 3 RESULTS AND DISCUSSION 

ln most expe:dm.ent.s propene appeared to be the only volatile reac

tion product that was deteoted. ço
2 

may also be eluted in the column, but 

it cannot be detected by the flame ionization detector, whereae a katharome

ter lacks sensltivity to mcasure very smal! quantitiee of the gas_ Figure 

3. 27 demonstrates that the amount of C02 ln tbe vapeur phase is conaider

ably smaller than that of propene. Mox-eover, its crigin is somewhat enig

matic, In this study the liberation of co
2 

has not been investigated any 

further. 

We l"tave checked whether - on alumina - propene could have been 

forrned from other compounds, like isopropanol or acetone. However, no 

indlcations have been obtained that such conversions can occur at the ex

rcrimental conditions applied in thls study. Therefore, propene must have 

been formed directly ae a result of dealkylation of adsorbed sarin. 

Since in every 20 minutes the amount of propene liberated fNm the 

sample is measured, the reaction can be followed contlnuously and accu

rately (see Fig. 6. 2). 
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llminl 

Figure 6. 2 

Ra te of propene production r (in 10-
7 

mmoles per minute and per gram ad

sorbent) vs time for a typical experiment (no. 13, Table 6.1). 

As will become apparent from section 6.4 a quantitative measure of 

the rate of reaction cannot be derived by the assumption of a single rate 

constant. For that reason we have taken the percentage of adsorbed sarin 

molecules that have been decomposed via dealkylation after 1250 minutes, 

as an arbitrary unit to measure the progress of the reaction. In most ex

periments the rate of dealkylation was reduced to less than a tenth of the 

initial value within 1250 minutes. Moreover, the selected period allowed to 

perform one experiment a day. 

The dealkylation experiments may be classified as follows: 

1) experiments performed with sarin adsorbed on Ketjen or Degussa alu

mina; 

2) experiments with sarin adsorbed on other adsorbents; 

3) experiments with other organophosphorus compounds adsorbed on Ketjen 

alumina. 
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Sarin on alumina 

Experiments have been performed at different reaction temperatures, 

with varying degrees of coverage of sarin on aluminas pretreated at differ

ent temperatures. Fig. 6. 3 summarizes the results of experiments performed 

with Ketjen alumina at room temperature. 

%d 

t 

e 
Figure 6. 3 

Decomposition (in %) in 1250 min; on Ketjen alumina, pretreated at 25°C (o) 
and 180°C (x), measured for different initial sarin coverages e. 

It appears that the dealkylation proceeds much faster when the alu

mina was pretreated at a higher temperature. In addition, the surface cov

erage seems to affect the degree of decomposition: at lower coverages 

higher percentages are measured. The product of the percentage of decom

position and the surface coverage is about the same for similarly pretreated 

samples, which implies that the quantity of sarin dealkylated in 1250 min

utes, does not depend very much on the surface coverage. This is con

firmed by Table 6. 1, which shows the results of all experiments performed 

at room temperature with sarin on alumina. 

The absolute decomposition (d (1250)) varies considerably less with 

the coverage than the relative decomposition (%d (1250)). Obviously the num

ber of active surface sites involved in dealkylation, is limited. This may 

also account for the low degree of decomposition by dealkylation relative 

to what has been found for the hydrolysis reaction (chapter 5). 
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Table 6.1 

Dealkylation experiments of sarin on y -alumina 

* ** 
Exp. Adsorbent Pretteatment Degree of % d (1250) d ( 1250) x 100 

Temperature Coverage 

Ketjen 25°C 0.15 1.3 0.20 

2 0.30 0.7 0.25 

3 0.80 0.2 0.20 

4 120 0.90 0.7 0.75 

5 150 0.45 1.8 0.95 

6 0.75 0.9 0.80 

7 180 0.15 5.4 0.95 

8 0.15 s. 1 0.90 

9 0.20 3.7 0.85 

10 0.25 4.5 1. 35 

11 0.30 3.5 1. 25 

12 0.50 1.9 1.10 

13 1.0 1.0 1. 20 

14 1.1 0.7 0.95 

15 1.1 0.9 1. 15 

16 500 0.60 3.7 2.60 

17 Degussa 25 0.30 0.6 0.10 

18 0.80 0.1 0.05 

19 180 0.20 8.7 0.85 

20 0.70 3. 5 1. 25 

21 0.75 4.2 1.60 

22 1.0 1.4 0.70 

*) % d (1250) mmoles propene, produced in 1250 min, in % of the number of mmoles ad-

serbed sarin. 

**) d (1250) mmoles sarin, decomposed in 1250 min, per gram adsorbent. 

The influence of the pretreatment temperature on the rate of deal

kylation suggests that the number of active sites is considerably increased 

by evacuation of the alumina at higher temperatures. This is demonstrated 

in Fig. 6. 4, by platting the number of sarin moles dealkylated in 1250 

minutes, against pretreatment temperature, for the first 16 experiments of 

Table 6.1. 

Although the results obtained for Degussa alumina are somewhat less 

regular than that of the Ketjen product, one may safely conclude that, with-
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T (°CI 
Figure 6.4 

Dealkylation as a function of pretreatment temperature (mean d ( 1250) x 100-

values of Exps. 1-16, Table 6.1 ). 
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Figure 6. 5 

Dehydration of Degussa and Ketjen alumina, measured by means of an electro

balance (for experimental details see ref. 2). 

t 

Figure 6. 6 

Effect of water on the rate of propene production (r in 10-7 mmoles.min- 1 per 

gram adsorbent). 
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out pretreatment at higher temperature, Ketjen alumina is more active in 

dealkylation, whereas the effect of such pretraatment is larger for the 

Degussa product. This indicates that the influence of the pretreatment tem

pcrature on the rate of dealkylation must be ascribed to creation of active 

sites by dehydration of the alumina surface: the surface coverage by water 

of Degussa alumina deercases by about 50% going from room temperature 

to 200°C, whereas Ketjen alumina shows a deercase of just about 30% under 

that condition (Fig. 6. 5). 

It is, therefore, likely that the dealkylation reaction will be poisoned 

by water. For this reason an experiment was performed in which water was 

introduced into the U -tube after sar in adsorption. It was found that the reac

tion was retarded to the point of a negligible rate of progress within 400 

minutes (Fig. 6. 6). 

After removal of the souree of water the propene production gradually 

increased to a maximum (drying effect), which was attained 1100 minutes 

later, and then decreased again. The ra te of dealkylation measured after 

removal of water, never reached the level found in experiments performed 

in a dry atmosphere. \Vhen, in a similar experiment, the souree of water 

was removed after 20 hr only an extremely smal! quantity of propene could 

be detected. 

The behaviour of the dealkylation reaction towards water and pre

traatment temperature is quite the opposite of the hydrolysis reaétion. As 

appeared in chapters 3 and 5 the hydrolysis of adsorbed sarin is activated 

by basic sites. Hence the dealkylation might be accelerated by acid sites. 

Heat pretraatment of the alumina will generate new acid sites, on the other 

hand actdition of water will reduce the number or acidity of such sites. 

This supposition may be verified by studying the dealkylation of sarin on 

adsorbents with more acid or basic properties than the y-aluminas studled 

so far. 

Sarin on other adsorbents 

Table 6. 2 gives a survey of the results obtained with different ad

sorbents. 

These results support the idea that acid sites are involved in deal

kylation: acidification of y-alumina by impregnation with chromium trioxide 

or by adsorption of hydragen fluoride increases the decomposition, whereas 
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Table 6.2 

Dealkylation experiments performed at room temperature with different adsorbents 

Exp. Adsorbent Pretteatment Degree of % d (1250) d (1250) x 100 
Temperature Coverage 

2 Ketjen 25°C 0.30 0.7 0.25 
23 Ketjen + HF 25 0.40 2.5 1.25 

17 Degussa 25 0.30 0.6 0.10 
24 Degussa + HF 25 0.30 10.7 1.60 

5 Ketjen 150 0.45 1.8 0.95 
25 Ketjen + NaOH 150 0.50 0.7 0.40 

26 MgO 25 1.0 0.01 0.01 
27 MgO 150 1.1 0.07 0.06 

13 Ketjen 180 1.0 1.0 1. 20 
28 Ketjen + 2. 5% Cr 180 0.80 1.8 + 2,5* 1.70 + 2.30* 
29 Ketjen 5. 9% Cr 180 0.95 5.3 + 7.6* 5. 95 + 8. 45* 

*) based on the production of acetone. 

basic adsorbents li.ke magnesia and sodium-doped alumina show a notably 

smaller activity for dealkylation than pure y-alumina. 

Some more conclusions may be drawn from Table 6. 2. First, the 

effect of HF on the reaction is considerably larger in combination with 

Degussa alumina than with Ketjen alumina. Microcalorimetrie experiments 

have demonstrated that the basicity of the Ketjen and Degussa alumina are 

nearly the same. Probably the texture of the Degussa alumina is such that 

its surface is somewhat more accessible than that of Ketjen alumina. (The 

time of dosing HF and the HF pressure was the same for experiments 23 

and 24; it appeared to be possible to make Ketjen alumina as active as 

Degussa + HF by admitting HF at a higher pressure (50 Torr) for about 

one hour.) 

Secondly, a remarkable phenomenon was observed when the desorbed 

reaction products of sarin adsorbed on chromium-impregnated aluminas, 

were analyzed. Two compounds were eluted in the column. On account of 

their retention times the peaks have been identified as propene and acetone. 

The overall activity of this (acid) adsorbent is much higher than that of pure 

y-alumina. By feeding isopropanol to chromium-impregnated alumina it was 
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checked that this adsorbent is able to convert isopropanol into acetone, 

whereas no acetone was formed when propene was admitted. 

The formation of acetone may be rationalized in two different ways. 

a) Very strong acid sites, invalving hexavalent chromium ions, induce P-0 

bond fission resulting in dealkoxylation of adsorbed sarin. It was found 

before that roetal ions exert a pronounced influence on the decomposition 

of organophosphorus compounds (3). For example, in a magnesium(II)

catalyzed system P-0 bond fission is the predominant reaction, while 

C-0 bond fission is the major process in a calcium(II)-catalyzed reac

tion (4). 

b) The C-0 bond is ruptured as on pure y-alumina, but the carbonium ion 

generated (see chapter 7) is oxidized by chromium trioxide. In that case 

the reaction mechanism will be simHar to what has been proposed by 

Moro-Oka et al. for the oxidation of propene into acetone over molyb

denum trioxide-containing catalysts, invalving an alcoholic intermediate 

(5). 

More experiments are required (e.g. with 18o-sarin) to be able to discrim

inate between these possibilities. 

Finally, Table 6. 2 shows again that the activity of different ad

sorbents with respect to the dealkylation reaction is opposed to that found 

for the hydralysis reaction. Generally, the larger degrees of decomposition 

in Tables 6. 1 and 6. 2 are found under experimental conditions that favour 

the occurrence of structure I (non-hydrolyzed sarin, chapter 3), whereas 

very low converslons are measured under circumstances at which almost 

exclusively structure 11 (hydrolyzed sar in) is known to occur. The inference 

is that propene is formed by structure I only. Indeed, a .sample that had 

been extracted with 500 ml MIC/acetone generated only an extremely small 

amount of propene. 

Additional proof may be obtained from the results of dealkylation ex

periments performed with some 

Other organophosphorus compounds adsorbed on alumina 

Hydroxysarin, which has been shown to form mainly structure II 

when adsorbed on y -alumina, generatea only very small amounts of propene: 

see Table 6. 3. In spite of the low surface coverage justabout half a percent 
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of the adsorbed hydroxysarin molecules dealkylate in 1250 minutes. This is 

another indication that structure n forms hardly any propene. 

Table 6. 3 

Dealkylation of some sarin derivatives 

Exp. Adsorbate Pretreatment Degree of % d (1250) d { 1250) " 100 
Temperature Coverage 

30 Hydroxysarin 180°C 0.05 0.5 0.03 

31 n-Propylsarin 160 0.20 0.9 0.20 

32 IDMP 180 0.95 0.04 0.05 

33 Pyrosarin 180 0.05 3.1* o.o5* 

34 DlMP 25 0.65 0.1* o.os* 

35 DFP 25 0.40 s.s* 1. 75* 

36 Chlorosarin 25 0.20 0.7 0.20 

*) Provided that just one propene molecule can be liberated per adsorbed molecule. 

The organophosphorus compounds in Table 6. 3 without a halogen sub

stituant show a very low rate of dealkylation. Possibly strong electron

attracting groups favour C-0 bond fission. The dealkylation of DFP exceeds 

that of sarin by roughly one order of magnitude. Even when it is assumed 

that all dealkylating DFP molecules generate two propene molecules this 

compound is still signüicantly more reactive than sarin. As may be seen 

from Fig. 2. 5 the summed group electronegativity is the largest for DFP. 

Finally it is noteworthy that also n-propylsarin produces propene, 

although to a lesser extent than sarin. 

6.4 KINETICS OF DEALKYLATION 

Knowing that the hydrolysis of adsorbed sarin follows Zeldovich 

kinetics, we plotted the rate of dealkylation versus 1/t (see chapter 5). 

Fig. 6. 7 shows the result for the experiment of Fig. 6. 2: for reaction 

times larger than 1000 minutes the rate is înversely proportional to time. 

SimHar graphs were obtained for the majority of the experiments. 
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Results of Fig. 6, 2, plotted against 1000/t. 
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Both our inability to describe the results more properly by another kinetic 

relationship and the good fit between model and results at larger t-values 

made us prefer to find an explanatian far the deviation from the straight 

line in the first thousand minutes rather than to design a new model. 

In the previous chapter the following equatian for the rate of hydral

ysis has been derived: 

dC 
- ëit (1) 

It bas been shown that for hydralysis k1 is sufficiently large and k2 
is sufficiently small to approximate the bracketed term by ane. However, 

the abserved low rate of dealkylation makes it somewhat doubtful that - for 

dealkylation - k1 is still large enough to allow the same approximation 

without introducing considerable error at low t-values. Fig. 6. 8 may illus

trate this. Instead of the simplified equation r = A/t, that applied to hydrol

ysis, it seems more relevant to consider the equation 
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t lminl 

Figure 6. 8 

Example to demonstrate the influence of the e-terms on the rate of reaction. 

If k
1 

S x 10-3 min- 1 and k
2 

10-S min- 1 then e-k2t- e-klt will be 

notably smaller than one for t-values smaller than 1000 min. 

dC 
-dt 

A -k1t ' 
1 - e } (2) 

for dealkylation. The question is whether the deviation from the straight 

line in the first 1000 minutes of the reaction, shown in Fig. 6. 7, can be 

described adequately by an exponential function. In Fig. 6. 9 rt/ A has been 

plotted vs t for the experiment of Fig. 6. 7 together with the function 
-k1t -3 -1 1 - e , with k1 4 x 10 min • 

1.0 

rt 
A 

t 

1000 2000 

Figure 6. 9 

3000 
t (min) 

0 
tlminl 

-0.004t 
rt/A-values of Fig. 6.2 (o) and 1-e ("), plotted aga.lnst time, 

t 
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It appears that the first part of the curve may reasonably well be 

described by an exponentlal function. The small deviations might be caused 

by deviations in the energy distribution function from being block-shaped. 

Additional proof is supplied by the effect of HF on the reaction. The in

creased rate of dealkylation observed for HF-treated aluminas, will be the 

result of both an increase of the number of active surface sites and a de

crease of the activation energy for reaction caused by acidification of sites. 

Lower E-values correspond to higher k-values and consequently to smaller 

deviations from a straight curve in r vs 1/t plots. This was found indeed 

for HF-treated alumina: depending on the amount of HF that was admitted 

to alumina, straight lines were obtained for t-values larger than 500 to 80 

minutes. 

In theory it is possible to calculate E1 and for all experiments. 

For example, E2-E1 may be calculated from the slope of the straight line 

in Fig. 6.7. Fig. 6.9 shows that k1 is about 4 x 10-3 min-1; from k1-

values, thus obtained for different temperatures, can be calculated and 

finally E2• However, this procedure will not yield relevant results as may 

appear from the following. 

According to equation 1 the slope of the line in Fig. 6. 7 equals 

RTC0 
/ (E2-E1); thus E2-E1 may be calculated at 135 kcal/mole. However, 

C0 involves all sarin molecules adsorbed on sites that activate the dealkyla

tion and this is certainly not equal to the concentration of adsorbed sarin 

molecules. If we estimate the quantity of adsorbed sarin that can be de

alkylated, at 3% of C0
, E2-E1 is found 0. 03 x 135 = 4 kcal/mole. There

fore, without a reliable estimation of what C0 will be for dealkylation 

can not be calculated. 
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Table 6.4 

Effect of reaction temperatere on the dealkylation of sarin 
adsorbed on Ketjen-alumina pretreated at 180°C (6 = 1. 0). 

Re action % d (1250) d ( 1250) x 100 r (1000) x 10 
Temperatere 

25°C 1.0 1.20 s.o 

42 2.0 2.35 7.6 

65 9. 1 10.70 35.5 

*) r (1000) propene production in the thousandth minnte in mmoles per gram ad

sorbent. 
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Another problem arises with experiments performed at different tem

peratures. Table 6. 4 shows that the rate of re action is considerably more 

than proportional to the absolute temperature. 

Infrared experiments have shown that at elevated temperatures also 

structure II is able to produce propene. This is not very surprising as it 

is well-lmown that at elevated temperatures phosphonates and phosphates 

can dealkylate. Although precise values for pure sarin or hydroxysarin are 

not available, the activation energy of this thermal decomposition may be 

estimated at 25 kcal/mole (6). A temperature increase of 20°C would then 

increase the rate of this reaction by a factor 20. Consequently, at higher 

reaction temperatures two different reactions have been measured at the 

same time, preventing a calculation of E1 from these experiments. 

6. 5 CONCLUSIONS 

The dealkylation of sarin adsorbed on unpretreated alumina proceeds 

very slowly: the hydrolysis reaction predominates. 

The dealkylation reaction is activated by acid surface sites. There

fore, the rate of reaction can be increased by applying a more acid ad

sorbent. Starting from y-alumina this can be realized by dehydration (heat 

pretreatment), by impregnation with e.g. chromium trioxide or by adsorp

tion of hydrogen fluoride. On the other hand, the reaction on alumina is 

poisoned by addition of water, whereas it is hardly measurable on an ad

sorbent as basic as magnesia. 

The sarne kinetic model that was used to describe the hydrolysis 

re action rnay be applied to the dealkylation of adsorbed sarin. However, 

other than for hydrolysis no reliable calculations can be performed to eval

uate the activation energy range because the value of C
0 

in the Zeldovich 

equation is not lmown. 

Finally, the results obtained frorn chromium-irnpregnated alumina 

dernonstrate that we probably have perforrned two experiments too many or 

sorne two hundred too few. 
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CHAPTER 7 

DISCUSSION 

Froro the data presented in chapters 3 to 6, a picture of the adsorp

tion and decoroposition of sarin on y-aluroina bas been obtained that can 

accororoodate the roajority of the results. This picture, which has to be 

rationalized yet, is outlined in Scheroe 1: 

adsorption 

(I) 

Scheroe 1 

I II) 

ad serbed 

dealkylated + C3H6 
compound 

(m) 

On y-aluroina that has not been pretreated at high teroperatures, ad

sorbed sarin is airoost exclusively decoroposed via hydrolysis; dealkylation 

is just a side reaction. For this reason it has not been possible to establish 

the structure of adsorption complex III froro infrared spectra. At room tem

perature dealkylation of structure II is negli.gible. 
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Both hydrolysis and dealkylation have been shown to follow Zeldovich 

kinetics, attributed to an activation energy distribution. The origin of this 

distribution must be found in the inhomogeneity of the actsorbent surface: 

not all surface sites display the same activity. Consequently, the alumina 

surface must perform a specific influence on the rate-determining step of 

the reactions, a point to be considered when discussing the mechanisms of 

the hydralysis and dealkylation reaction. 

7. 1 HYDRO LYSIS 

In chapters 3 and 5 it has been shown that the hydralysis of adsorbed 

sarin is activated by basic surface sites. The conversion of structure I into 

structure II may therefore be represented by a substitution of the fluorine 

by a hydroxyl group. Such displacement reactions are often assumed to pro

ceed via transient intermediatea having a five-coordinate phosphorus (1, 2). 

The preferred skeletal geometry of this state corresponds to the trigonal 

bipyramid. The five positions of the ligands in the trigonal bipyramid are 

not identical: three equatorlal and two apical positions may be distinguished: 

Scheme 2 

The reactivity at the apical position is larger relative to that at the 

equatorlal position and - consequently - converslons from four- into five

coordinate phosphorus and vice versa praeeed via apical entry and departure 

of ligands. The ligands of the trigonal bipyramidal phosphorus can exchange 

positions by bond deformations (permutational isomerizations) (1). For ex

ample, in alkaline hydralysis of sarin converslons as represented in 

Scheme 3 are conceivable. 

Depending on steric interactions and their electronegativity the ligands 

will tend to occupy definite positions on the trigonal bipyramidal skeleton. 

The preferenee of a ligand for apical as opposed to equatorlal position is 

termed its apicophilicity. Fluorine has appeared to behave as highly apico

philic (3). (The intermediate in Scheme 3 that is able to produce isopropanol 
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Scheme 3 

is therefore not very likely to occur and - in fact - isopropanol is not 

found as a reaction product in alkaline hydralysis of sarin.) Consequently, 

if trigonal bipyramidal structures occur with the decomposition of adsorbed 

sarin, the most probable intermediate will be: 

Scheme 4 

If apical departure of fluorins follows, the adsorbed sarin molecule 

has been hydrolyzed, the resulting tetrahedron being structure II is.n .. 

The difference between the foregoing mechanism and a bimolecular 

nucleophilic substitution reaction is essentially a matter of lifetime of the 

intermediate, c.q. transition state. A trigonal bipyramidal structure is rel

atively stable (polyoxyphosphoranes can be isolated, ref. 1), whereas in a 

SN2 mechanism five-coordinate phosphorus is occurring only as transition 

state. 

It is not possible to discriminate between the two mechanisms on the 

basis of the results. There is no evidence whatsoever in infrared spectra 

for a structure represented by Scheme 4. It might be that the lifetime of 

that intermediate is too short to be observed spectroscopically. If other 

reaction products had been found, which could be rationalized by permuta-
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tional isomerizations of the intermediate, then one would have had an argu

ment to assume trigorral bipyramids. However, in chapter 6 it was shown 

that isopropanol (which could be the result of such isomerization, see 

Scheme 3) was not a reaction product. 

Whether five-coordinate phosphorus is an intermediate or a transition 

state, the hydrolysis of adsorbed sarin involves addition of a hydroxyl group 

onto phosphorus and release of a fluorine. Besides, this fluorine must be 

adsorbed somewhere on the surface and the hydroxyl must lose a proton to 

form structure 11. The rate-determining step in this process is controlled 

by the alumina surface, as was concluded before from the observed kinetics 

of the reaction. This now rises the question as to how differences in activ

ity between the surface sites are effected. Let us therefore consider the 

steps along the reaction path in which the surface can be involved in some 

way. 

1) Differences in the strength of the bond formed between sarin and the 

surface, may induce differences in the P-F bond strength among the ad

sorbed molecules. In chapter 3 it was concluded that sarin is adsorbed 

on Lewis acid centres, which will induce an increase of the positive elec

tronic charge at the phosphorus. This will even strengthen the P-F bond, 

however, it will also increase the reactivity of the compound towards 

nucleophilie attack. It seems, therefore, improbable that P-F bond fission 

is the rate-determining step in the hydralysis reaction. This conclusion 

is supported by the observed lower rate of hydralysis of adsorbed chloro

sarin (Table 3. 3), in spite of the weaker P-Cl bond (80 kcal/mole for 

P-Cl against 120 kcal/mole for P-F) (4). 

2) In view of the foregoing one might imagine that a distribution in the 

acidity of adsorption sites influences the rate of hydralysis in such a way 

that a Zeldovich-type of kinatics prevails. However, hydralysis has been 

proved to be accelerated by basic sites and on a less acid adsorbent the 

reaction proceeds faster, not slow er. Finally, the change with time of 

the phosphoryl band contour in the infrared spectrum of adsorbed sarin 

does not allow to ascribe the observed kinetics to differences in acidity 

of adsorption sites. 

3) Another possibility that may explain the activation energy distribution is 

that the basicity of surface hydroxyls varies over a relatively wide range. 

The more basic ions are known to be the more reactive towards the 
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phosphoryl centre (5, p.100). In our opinion this explanation is the most 

plausible and can account for the majority of observations. Supporting 

evidence has been obtained in this study. 

* The hydralysis reaction is activated by basic sites; the reaction pro

ceeds considerably faster on more basic adsorbents (compare magnesia 

with alumina). When the surface hydroxyl groups are "acidified" by 

HF-pretreatment (the most basic groups will be substituted, others will 

be inductively modified - chapter 3) the hydrolysis of adsorbed sarin 

(and DMPF) is strongly retarded. 

* The infrared investigation of surface hydroxyl groups has demonstrated 

that on alumina four to seven chemically distinct hydroxyl groups can 

be distinguished. Besides, hydrogen bonded hydroxyls are observed 

(Fig. 3. 24). For y-alumina pretreated at room temperature, 0-H 

stretching vibrations are found in the frequency range of 3000 - 3800 

cm - 1, which proves unambiguously that a wide variety of hydroxyl 

groups exists at the alumina surface. Computer calculations have dem

onstrated that the sum of five simultaneously proceeding first order re

actions, each with a different rate constant, closely approximates 

Zeldovich kinetics, representing an infinite number of first order re

actions. There is no doubt that on alumina more than five different 

types of hydroxyl groups are existing. 

Unfortunately it is difficult to determine from the spectra what specific 

hydroxyl group is the most active in hydrolysis, which probably arises 

from other groups involved in the reaction (see below). However, the 

results in chapter 3 suggest that the infrared absorptions around 

3700 cm - 1 belong to the most active species and would then originate 

from basic hydroxyls. The influence of the hydrogen-bonded groups at 

about 3400 cm - 1 could not be ascertained. 

The lower reactivity of chlorosarin can be understood now in terms 

of the lower electronegativity of the chlorine substituent, thus hindering the 

interaction between the phosphorus and weaker basic groups. Moreover, 

steric effects could play a part as it might be more difficult for the bulky 

chlorine to be adsorbed on the alumina surface, as opposed to fluorine. 

However, a hindered adsorption of e.g. HCl relative to HF has never been 

reported for y-alumina (6, 7). Therefore, although the fluorine, produced 

by hydrolysis of sarin, will displace stronger basic groups more easily, we 
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do not consicter the fluorine adsorption to be rate-determining. steric fac

tors do play a part with the extremely high reactivity of DMPF; unlike the 

bulky isopropoxyl group in sarin the two methyl groups wil! not interfere 

with the interacting hydroxyl. 

ally: 

The most probable reaction path may be represented now schematic-

'\ H7c3o' /cH3 I 
HO-P-OH 

I 
0 F 

o I I 
-Al--Al--Al-

Scheme 5 

Step 1 is assumed to be rate-determining. The situation in the tran

sition state with the five-coordinate phosphorus must be more or less sirn

ilar to that in alkaline hydrolysis; the fluorine is ejected, leaving an acidic 

phosphonium ion. This compound may now either lose lts proton and form 

structure 11 (step 2) or participate in another nucleophilic displacement 

(step 2a), resulting in the same product. Water produced in this reaction, 

will be adsorbed on the surface; it might compete with the poisoning effect 

of the adsorbed fluorine on the hydrolysis of other sarin molecules, for it 

has appeared to accelerate the hydralysis considerably. 

This effect of water may be ascribed to the formation of new sur

face hydroxyls, thus increasing the number of active sites. This will un

doubtedly play a part on aluminas pretreated in vacua at higher temperatures. 

Alumina pretreated at room temperature is completely covered with water 

and the influence of extraneous water cannot be understood in that case. 

Therefore, it seems more relevant to consicter the introduetion of a 

water molecule as fifth ligand to phosphorus (1, 5 p. 254). The rate-deter

mining step of Scheme 5 has then been passed over, which explains the pro-
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moting effect of water on the rate of reaction. However, the kinetica of the 

reaction with water still obey the Zeldovich equation (Fig. 5. 12), so the 

rate-determining step is still controlled by the surface anyway. The fol

lowing mechanism is proposed: 

H7c3o, /CH 3 

- HO-P/'F 

HoH 6 oH 

+2HOH 

i I I 
-Al--Al--Al-

Scheme 6 

The more basic the hydroxyl, which the water ligand is associated 

with, the more nucleophilic (=reactive) this water molecule will be. The 

mechanism proposed in Scheme 6 explains why actdition of water to sarin, 

adsorbed on HF-pretreated alumina, does not induce any hydrolysis: there 

are no basic hydroxyls to initiate the mechanism. 

The hydrolysis of chlorosarin upon addition of water may also be 

rationalized now. With the introduetion of water as fifth ligand the first re

action step ceases to be rate-determining, whereas the second step 

cleavage) is known to be much faster for X=Cl than for X=F (8). 

Finally, the proposed adsorption structures as well as their inter

actions with the surface must be conceivable in terms of the lattice struc

ture of the preferential_ly exposed alumina plane. In chapter 3 it was shown 

that in Lippens' model part of the tetrabedral and octahedral alurninurn 

atoms in the surface layers of the spinel (110)-plane will be covered by 

hydroxyl groups. In fact, hydroxyls will be adsorbed on most of the alumi

num atoms in the surface layer because of lattice defects and incompletely 

coordinated aluminum ions at cristal edges and angles. In addition, water 

molecules will be adsorbed at the surface, though leas firmly than hydroxyl 

groups. 

1f a C-layer is exposed at the surface sarin molecules can adsorb 

on both tetrabedral and octahedral aluminum ions, in a D-layer only oota

bedral ions are available. 

When structure II bas been formed two neighbouring aluminum ions 

are involved in the adsorption complex. This situation is indicated in Fig

ure 7.1. 
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oxygen. 
methyl- -isopropoxy 

oxygen-

isopropyl me thylphosphona te 

C layer 0 layer 

Figure 7. 1 

Proposed orientation of (hydrolyzed) adsorbed sarin molecules on the ( 110)-plane 
of y -alumina. 

It appears that the spatial orientation of the oxygen atoms of the 

POO-grouping is in perfect harmony with the oxygen positions in the (110)

plane. 

Fig. 7. 1 allows to calculate the amount of sarin that can be adsorbed 

in a monolayer. An adsorbed sarin molecule occupies a rectangular area of 

the oxygen lattice of 7. 47 x 5. 28 = 39.43 R 2 (the radius of the oxygen ion 

is taken 1. 32 K). Hence it follows that 1 mg adsorbed sarin covers 1/140 x 

6.0 x 1020 x 39.43 x lo-20 m2 
= 1.69 m2 of the (100)-plane of y-alumina. 

Adsorption experiments revealed that the quantity of sarin, adsorbed on 

Ketjen alumina, which cannot be removed by prolonged evacuation at room 

temperature, amounts to 165 mg/g adsorbent. From a surface area of 

280 m2 /g for this alumina it fellows that 1 mg chemisorbed sarin covers 

1. 70 m2 of the alumina surface, which is in excellent agreement with the 

value calculated from Fig. 7. 1. 

We believe it to be somewhat premature in drawing further-going 

conclusions from this simple picture. The wide variety of hydroxyl bands 

in the infrared spectrum indicates that any representation of the alumina 

surface by an arrangement of perfect and extended C- and D-layers would 

be an over- simplification. However, Fig. 7. 1 shows that the proposed re-
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action mechanism does not lead to inconsistencies in so far as the surface 

model given by Lippens (9) is concerned. 

7. 2 DEALKYLATION 

Discussing the mechanism of the dealkylation reaction we are faced 

with the facts that propene is liberated, that the structure of the resulting 

adsorbed phosphorus compound ("structure lil") has not been established and 

that the reaction is activated by acid surface sites. From the last observa

tion a five-coordinate phosphorus in the transition state - assumed in hy

drolysis - is unlikely since nucleophilic attack on phosphorus is not feasible 

in acid catalysis. Moreover, such transition state (or transient intermediate) 

would have produced isopropanol or acetone, which has appeared not to be 

the case for y-alumina. 

The results presented in chapter 6, indicate that fairly strong acid 

sites must be involved in the reaction, e.g. Lewis sites or strong Br~nsted 

sites. 

For these reasous we propose the following mechanism for the de

alkylation of adsorbed sarin: 

Scheme 7 

Electrous of the oxygen of the isopropoxy group are attracted by the 

acid site (represented in Scheme 7 by a Lewis site), thus loosening the C-0 

bond (it will be more difficult to withdraw electron density from the P-0 

bond because of low electron density at the phosphorus, induced by adsorp-
+ 

tion). If the interaction is strong enough a carbonium ion ( (CH3)2CH) is 

liberated; by leaving a proton at the surface propene is formed. Then it is 

likely that the structure of the remaining phosphorus compound is simHar to 

structure n. Some indication that this may indeed happen was obtained from 

the infrared spectrum of adsorbed DIMP: after heating the in situ cell upto 
0 -1 -1 

300 C infrared bands were observed at 1310 cm (P-CH
3

), 1255 cm (P=O), 
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-1 -1 and at 1160 - 1060 cm (P0
2
). The c-o-=(P) stretching at 1010 cm could 

not be observed, neither could any of the isopropyl absorptions. The adsorp

tion structure was thus established: 

Scheme 8 

The number of Lewis sites will be increased by vacuum pretreatment 

of alumina at higher temperatures; conversely, it will be decreased when 

water is added. Moreover, addition of water increases the rate of hydralysis 

of all adsorbed sarin molecules considerably, producing a species of negli

gible activity in dealkylation. Apparently the attack of water on phosphorus 

interferes seriously with the acid interaction on the isopropoxy group. 

Finally, the observed kinetics of the reaction may very well be ex

plained by an acid strength distributton of active surface sites, simHar to 

what has been proposed for basic sites involved in hydrolysis. A variety of 

acid sites on y-alumina has frequently been reported by many authors (see 

e.g. ref. 10). 

7. 3 FIN AL REMARKS 

Gamma-alumina is often reported to possess acid properties, which 

are reflected in the catalytic activity of the material for cracking hydro

carbons, polymerization and isomerization of olefins. The results of this 

study show that also some basic properties must be ascribed to y-alumina. 

This is in agreement with earlier observations (11, 12) and is plausible in 

view of the amphoteric character of aluminum. 

The studled hydralysis reaction of adsorbed sarin might be of inter

est to imprave the efficacy of filters in gasmasks, etc. However, all in

vestigated adsorbents demonstrated a limited capacity in a way that a max

imum quantity, corresponding to an adsorbed monolayer of sarin molecules, 

could be decomposed. On the other hand, this capacity might prove to suf

fice in practice. 
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Anyhow, relative to carbon black some progress bas been made: 

both from alumina and magnesia desorption of sarin will not occur and in 

a humid atmosphere the decomposition of toxic compound will be consider

ably aècelerated. 

In spite of the observation that the hydrolysis of adsorbed sarin is 

a stoichiometrie reaction rather than a catalytic one, we therefore suggest 

to achieve a combination of good adsorptive capacity and decontaminating 

activity by preparing magnesium-impregnated carbon blacks. If such ad

sorbent would appear to be an improvement it would be only a minor over

statement to mention it a self-decontaminating adsorbent. 
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SUMMARY 

The development of adsorbents which show catalytic activity towards 

the decomposition of compounds as toxic as nerve agents, will be favoured 

by a profound understanding of structures formed upon adsorption and of 

subsequent surface reactions. This thesis is concerned particularly with the 

adsorption and decomposition of isopropyl methylphosphonofluoridate ("sarin") 

on -y-alumina. 

From infrared spectra it is concluded that sarin molecules are 

strongly adsorbed on -y-alumina via their phosphoryl oxygen. Two different 

decomposition reactions have been observed: either propene is liberated as 

a consequence of dealkylation of the adsorbed compound or the P-F bond is 

hydrolyzed and fluorine released is adsorbed. The remaining phosphorus 

compound is adsorbed via a POO-grouping. 

The hydrolysis reaction, which is the predominant process, is acti

vated by basic surface sites. Water accelerates the reaction; the surface 

can be inactivated by HF pretreatment. The reaction has been determined 

quantitatively following an extraction procedure which measures the amount 

of unreacted sarin by either a colour reaction or a tracer technique. The 

hydralysis appears to obey Zeldovich kinetica, the rate of reaction: being in

versely proportional to time. This extraordinary relationship is attributed 

to an activation energy distribution, probably arising from a distribution in the 

baaicity of surface hydroxyls involved in nucleophilic substitution on phosphorus. 

Dealkylation has been followed gaschromatographically by the quantity 

of propene generated. The rate of this reaction is extremely low; just about 

1% of the adsorbed sarin molecules decomposes by dealkylation in 24 hours. 

Acid surface sites have been found to accelerate the reaction; water stops 

the propene production. Again the results can be accommodated by the 

Zeldovich equation, which is conceivable in terms of a distribution of the 

acidity of surface sites on y-alumina. 
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ORGANOPHOSPHORUS COMPOUNDS USED THROUGIIOU'l' TH!S S'TUDY 

Allylsarin allyl methylphosphonofluoridate 

Chlorosarin 

DFP di!sopropyl phosphorofluor-idate 

DIMP dîisopropyl methylphosphonate 

DMI'f dimethyl phosphinoicfluoridc 

Ethylsarin ethyl methylphosphonofluoridate 

Hydroxysärin isopropyl methylphosphonic acid 

lDMP isopropyl dirnethylphO$phinate 

n-Propylsarin : n-propyL methylphospl'>onol'luoridate 

Pyrosarin 

Sard in 

Sar in 

Thiosarin 

heptadeutero-isopropyl methyl~ 
phosphonofluoridate 

isopropyl methylpbosphono
fluoridothioate 

H7c 3o......._p/CH 3 

CB/ "'*o 
3 

H7c 3o......._p/CH3 

F/ ~0 
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1. Veel nodeloos geblader in het telefoonboek kan worden vermeden indien de 

PTT voortaan ook de namen waarin een ij voorkomt alfabetisch rangschikt. 

2. Het vormen van auto-poules voor het woon-werk verkeer is niet alleen eko

nomischer, maar het kan bovendien da interne kommunikatie in de betrokken 

onderneming of instelling bevorderen. 

3. Andreiko's suggestie om de velden 5 en 46 van het dambord weg te laten kan 

tot de ontwikkeling van een aantal interessante spelsystemen inspireren. 

Het is echter ze·~r de vraag of het tot de beoogde vermindering van de re

misekansen zal leiden. 

4. Om het enthousiasme tot het nemen van maatregelen ter bevordering van 

het woongenot in binnensteden, naar het voorbeeld van de verkeersdrempels 

in straatjes in oud-Delft, bij meer gemeentebesturen op te wekken, is een 

aanpassing van de verkeerswetgeving gewensL 

5. Het volledig doorberekenen van grondstofprijsstijgingen in de verkoopprij

zen is symptomatisch voor de houding, die in de Europese Gemeenschap 

wordt aangenomen ten aanzien van ontwikkelingssamenwerking. 

6. Om de onduidelijkheden rond de rechtspositie van TNO-medewerkers weg te 

kunnen nemen is een formele uitspraak van de regering over de status van 

TNO dringend gewenst. 



7. Szymanski's interpretatie van een aantal banden van de infrarood-spektra 

van isopropanol en diisopropylether is aanvechtbaar. 

H.A. Szymanski, "Interpreted Infrared Spectra'', Plenum Press Data Divisionj New York, 

Volume 2 (1966) p.111 

Volume 3 (1967) p.108 

8. De konklusie van De Clercq, Mertens en Massart, dat bij de reaktie tussen 

sarin en cholinesterase geen fluoride wordt afgesplitst, volgt niet uit hun 

experimenten. 

H. de Clercq, J. Mertens, D. L. Massart, Arch, Toxikol. _n, 185 (1973) 

9. Wanneer de inaktivering van een enzym niet als een eerste of tweede orde 

reaktie beschreven kan worden, is het zinvol na te gaan of de reaktie volgens 

Zeldovich kinetiek verloopL 

A. R. Main, J. Blo!. Chern. 244, 829 (1969) 

10. Behalve een verdeling in de sterkte van zure plaatsen is op het oppervlak 

van y-alumina ook een distributie in de sterkte van basische sites aantoon

baar 

Dit proefschrift 




