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(II). Progress Report Summary for Contract No. AT-(40-1)-3898 During the 
Year 1972-1973 
(A) Abstract 

The investigations undertaken during this period can be 
divided into four major categories. 
(a) Hot Atom Reactions with Silicon-containing Compounds: 

This includes the recoil tritium and recoil halogen 
reactions with si lanes, disi lanes, and halosilanes. The 
Si-Si bond in hexamethyldislane has been found to be the 
most reactive single bond toward high energy tritium atoms 
yet encountered, presumably due to its low bond dissocia-
tion energy. 

(b) Reactions of High Energy Silicon Atoms: 
Sinolet monomeric 31SiF2 formed by the interaction of recoil 3*Si atoms with PF3 reacts efficiently with 1,3-butadiene to produce 1J-difluorosilacyc1opent-3-ene-31Si. 

Correspondingly, singlet silylene also reacts with 1,3-
butadiene to give silacyclopent-3-ene-31Si. 

(c) Reactions of High Energy Phosphorous Atoms: 
The partial retention of 3 bonds and the complete 

retention of 5 bonds during recoil phosphorous reactions 
with PF5 have been measured. A detailed systematic evalua-
tion of scavenger and pressure effects in recoil phos-
phorous reactions with PH3 and PF3 have been carried out. 

(d) Energetics of Hot Atom Reactions: 
The energy-randomized decomposition in spiropentane 

and the energetics of recoil halogen addition to trans-
and cis- olefins have been studied. 

Major accomplishments during this year include: four 
published papers, three submitted papers and four papers 
presented in meetings. 
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(I) Research Personnel 
Principal Investigator: 
Dr. Yi-Noo Tang 
Associate Professor 
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(B) Significant Results 
In describing the significant results obtained during 

the year 1972-1973, the above order of the four major fields 
is followed. 
(a) Hot Atom Reactions with Silicon-containing Compounds: 

This topic includes the recoil tritium reactions 
with silanes, disi lanes, and halosilanes. Recoil 38C1 
reactions with methylsilanes have also been initiated. 
As previously mentioned, the Si-Si bond in hexamethyl-
disi lane has been found to be the most reactive single 
bond toward high energy tritium atoms yet encountered. 
The resulting publication in this area is: Recoil Tritium 
Reactions with Hexamethyldisilane in ib* Gas Phase, S. H. 
Daniel, G. P. Gennaro, K. M. Ranck aid"Y.-N. Tang, J. Phys. 
Chem., 76, 1249-1254 (1972). 

Reprints of this paper with an AEC Document No. 0R0-
3898-6 are included. 

(b) Reactions of High Energy Silicon Atoms 
The study on recoil 31Si reactions has progressed 

rapidly. Two papers, one published and the other sub-
mitted for publication, have been completed during the 
latest p*~iod. 
(i) Direct Evidence for the Reaction of Monomeric Silicon 

Difluoride with 1,3-Butadiene, Y.-N. Tang, G. P. Gennaro, 
and Y. Y. Su, J. Amer. Chem. Soc., 94, 4355-4357 (1972). 

Monomeric 313iF2, formed by the interaction of recoil 31Si atoms with PF3, reacts efficiently with 1,3-butadiene to produce 1,l-difluorosilacyclopent-3-
ene-31Si. The precursor 3*SiF2 has been shown to exist as a singlet. A discussion of the mechanism for 
the addition reaction concludes that the apparent 1,4-
addition of 31SiF2 is probably a 1,2-addition followed by isomerization. 

A preliminary report on the above work has already 
been presented at the 164th ACS National Meeting, New 
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York, August 1972. A copy of this abstract is 
included with the progress report. 

Reprints of this paper with an AEC document 
No. 0R0-3898-7 are included, 

(ii) Olefin Addition Reactions of Silylene and Silicon 
Atoms, G. P. Gennaro, Y. Y. Su, S. H. Daniel and 
Y.-N. Tang. 

In this work we have observed: (1) The forma-
tion of silacyclopent-3-ene from the reaction of 
silylene with 1,3-butadiene. This is the first 
observed olefin addition reaction of silylene. (2) 
The possible direct reaction of silicon atoms with 
1-butene. (3) The relative efficience of H and F 
abstraction by silicon atoms. (4) The feasibility 
of using fast neutrons from a nuclear reactor to 
initiate 31Si formation. 

A preliminary report of the above work has 
already been presented at the 163rd ACS National 
Meeting, Boston, Massachusetts, April, 1972. A copy 
of the abstract is included with the progress report. 

A paper (0R0-3898-11) with the above title is 
being submitted to Chemical Communications for pub-
lication. The preprint is included with the progress 
report. 

(c) Reactions of High Energy Phosphorous Atoms 
This is a newly initiated area. However, the results 

obtained thus far have been excellent. Two papers have 
already been completed and submitted for publication, 
(i) Gas Phase Recoil Phosphorus Reactions I-Complete and 

Partial Retention of Bonds in PFg, G. P. Gennaro and 
Y.-N. Tang. 

Phosphorus pentafluoride vapor was exposed to 
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thermal neutrons in systems with and without various 
additives. Ethylene, proved to be an efficient 
scavenger in this system, permitted the determination 
of primary retentions of 32PF5 and 32PF3 after radiative neutron capture, which represent the probabilities of 
survival of 5 bonds and 3 bonds respectively. The 
partial retention of 3 bonds (1.34%) is much larger 
than the complete retention (0.08%) and is discussed 
in terms of factors which may promote partial bond 
survival in molecules with multivalent transformed 
atoms. 

A preliminary report on the above work has already 
been presented at the 164th ACS National Meeting, New 
York, August 1972. A copy of the abstract is included 
with the progress report. 

A paper (ORO-3898-lO) with the above title has 
submitted to J. Inorg. Nucl. Chem. for publication. 
The preprint is included with the progress report, 

(ii) Gas Phase Recoil Phosphorous Reactions II- A Detailed 
Study of Pressure and Scavenger Effects, G. P. Gennaro 
and Y.-N. Tang. 

Products from recoil phosphorus reactions with 
PH3 or Pr3 exihibit no pressure dependence from 50 to 800 torr. Both nitric oxide and PH3 have been proven to be efficient scavengers for PF3. For the PH3 system, although NO, C2H(f and 1-butene are all ineffective as scavengers, 1,3-butadiene was found to be effective 
probably due to the stabilization oi i:he C-P bond in the 
scavenged adduct with conjugation. It has also been 
shown that the H-abstraction from PH3 is about 160 times more effective than the F-abstraction from PF3 by recoil 32P atoms. The upper limit for the complete 
retention of bonds in PH3 after radiative neutron cap-ture has been estimated as 4%. 

A preliminary report on the abo>»e work has already 
been presented at the 163rd ACS National Meeting, Boston, 
Massachusetts, April, 1972. A copy of the abstract is 
included with the progress report. 

A paper (0R0-3898-12) with the above title is 



being submitted to J. Inorg. Nucl. Chem. for pub-
lication. The preprint is included with the progress 
report. 

Energetics of Hot Atom Reactions 
The energetics of hot atom reactions is only an 

adjunct to the major program of the research prcject 
which includes the study of chemical effects following 
nuclear transformation in systems containing silicon 
compounds. During the latest period, because the studies 
on silicon atom and phosphorous atom reactions have been 
extremely productive, and have occupied all of the 
existing manpower, some of these studies have been deleted. 
However, two papers have been published along this line, 
(i) Unimolecular Processes Subseguent to Recoil Tritium 

Reactions with Spriopentane, Y. Y. Su and Yi-Noo 
Tang, J. Phys. Chem., 76, 2187-2195 (1972). 

Reprints of this paper with an AEC document 
number ORO-3898-8 are included, 

(ii) Reactions of Recoil Chlorine Atoms with Cis- and Trans* 
Olefins, W. S. Smith, S. H. Daniel, and Y.-N. Tang, 
J. Phys. Chem., 76, 2711-2715 (1972). 

Reprints of the paper with an AEC document 
number 0R0-3898-9 are included. 
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Abstract of a paper entitled, "Reactions of Recoil Silicon-31 
Atoms with 1,3-Butadiene". Presented at the 163rd ACS National Meeting 
at Boston, Massachusetts, April, 1972. 



Nuclear Chemistry and Technology 
Reactions of Recoil Silicon-31 Atoms with 1,3-Butadiene 

• w 

6. P. Gennaro 

r. y. su 
S. H. Daniel 
Y.-N. Tang 

Department of Chemistry 
Texas A&M University 
Collage Station, Texas 77843 

Yes 

No 
Yes 
Yes 

No 

No 
No 
Yes 

Chemist, Ph.D. 

Chemist. 
Chemist, Ph.D. 
Chemist, Ph.D. 

X - Journal of the American Chem. Soc. 
X 

% 

REACTIONS OF RECOIL SILICON-31 ATOMS WITH 1,3-BUTADIENE. G. P. Gennaro, Y. Y. Su, 
S. H. Daniel and Y.-N. Tang, Department of Chemistry, Texas A&M University, College 

I Station, Texas 77843. 
j ^ 

Translationally energetic silicon atoms are produced through fast neutron irradia-
tion of a suitable phosphorus containing compound as a consequence of the 31P(n,p)31Si 
nuclear transformation. Several gas phase systems have been investigated using PH3, 
PF3, or PF5 as the 31Si source. Labeled products were separated, measured, and identi-
fied by radio-gas chromatography. Particular emphasis will be placed on the recoil 31Si 
reactions with 1,3-butadiene in which 31Si-labeled silacyclopent-3-ene is observed as a 
major product. Recent work by Caspar and co-workers have shown that recoil silicon 
atoms will obtain hydrogen to form silylene which is most likely to be the precursor for 
the observed silrcyclopent-3-ene through the following addition reaction. 

^ -I- :SiH2 * 

This reaction will be compared and contrasted with the addition of triplet methylene to 
1,3-butadiene to form cyclopentene. 
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Appendix II 

Abstract of a paper entitled, "Recoil Phosphorus-32 Reactions 
with PH?I PF3, and PF5 in the Gas Phase". Presented at the 163rd 
ACS National Meeting at Boston, Massachusetts, April, 1972. 
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Recoil Phosphorus-32 Reactions with PH3, PF3, and PF5 in the Gas Phase 

6. P. Gennaro Department of Chemistry Yes No Chemist, Ph.D. 
Texas A&M University 
College Station,,Texas 77843 

Y.-N. Tang Yes Yes Chemist, Ph.D. 

J.A.C.S. 

RECOIL PHOSPHORUS-32 REACTIONS WITH PH3, PF3, AND PF5 IN THE GAS PHASE. G. P. 
Gennaro and Y.-N. Tang, Department of Chemistry, Texas A&M University, College 

Station, Texas 77843. 
Recoil 32P atoms were formed by radiative thermal neutron capture, 31P(n,y)32P. On 

the basis of previously reported work with P(CH3)3 the probability of retaining the 
three original P-C bonds is <3$. This means that free 32P atoms are likely to be formed 
by the recoil method. Hydrogen and fluorine atom abstraction reactions were studied in 

i PH3, PF3, and PF5. In PH3, the product resulting from successive hydrogen abstractions f is 32PH3. The abstraction is quite efficient since the specific yield is independent of 
[ pressure from 80 to 620 torr. 32PF3 is the only observed product in the PF3 system. In 
5 contrast to PH3, its specific yield changes with pressure in pure systems. However, 

samples with identical PF3 partial pressures but different total pressures as the result of argon addition show identical specific yields. This indicates that the F-abstraction 
reaction is only moderately efficient. An increase in the pressure of the target, and 
hence the collision frequency, will enhance the abstraction probability. Quantitative 
comparisons indicate that H-abstraction is approximately 3 times more efficient than 
F-abstraction at about 300 torr. 32PF3 is also the predominant product from recoil 32P 
reactions with PF5. A yield-pressure dependence similar to the PF3 system is observed. ; This would indicate that further abstraction of fluorine atoms from PF5 by 32PF3 is not i very probable. 



-10-

Appendlx III 

Difi„^r a^fh fn?J- p e!: en„t1tled' "Reactions of Mononerfc Silicon 
in New York^ August 1972! P r 6 S e n t e d a t t h e 1 6 4 t h A C S N a t 1 o n a 1 M e e t i"9 



Reactions of Monomeric 

Kinetics: Gas Phase 

Silicon Difluoride with Olefins 

G.P. Gennaro Chemistry Department, Texas Yes No Chemist,Ph 
A&M University, College Station, 
Texas, 77843 

Y.Y. Su No No Chemist 
. . . • . • • . : . . « 

Y.--N. Tang Yes Yes Chemist,Ph 

x J. Amer. Chem. Soc. 
x 

REACTIONS OF MONOMERIC SILICON DIFLUORIDE WITH OLEFINS, G.P. Gennaro, 
Y.Y. Su, and Y.-N. Tang. Chemistry Department, Texas A&M University, 

College Station, Texas 77843. 
When phosphorus trifluoride vapor is subjected to fast neutron irrad-

iation, silicon atoms are produced by the 31p(n*fp)31si transformation. 
Fast neutrons may be obtained by conversion of a cyclotron deuteron beam 
[^Be(d,n)1 o r exposure of the sample to the fast neutron component 
of a nuclear reactor. When 1,3-butadiene is added to this system," obser-
vation of 1,1-dif luorosi lacy clopent-3-enc as the major product estab-
lishes the participation of a monomeric 31siF2 intermediate. Furthermore, 
it is shown that the reacting 3lsiF2 is in Its singlet spin state and that 
the addition is quite efficient. Since dimerization of SiF2 Is its most 
efficient known reaction, the nuclear recoil technique, which produces 
silicon in such low concentrations that dimerization is impossible, pro-
vides a useful method for investigating other reactions of this monomeric 
species. Reactions of S1F2 with various olefins, such as ethylene, propyl-
ene, isobutylene, 1-butene, and 2-methyl-2-butene, will be discussed in 
terms of its possible addition reactions and their relative efficiencies 
will be compared with that of 1,3-butadiene. 
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Appendix IV 

Abstract of a paper entitled, "Distribution of the Number of 
Chemical Bonds Retained in PF5 after Thermal Neutron Capture". Presented at the 164th ACS National Meeting at New York, August, 1972. 
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DISTRIBUTION OF THE NUMBER OF CHEMICAL BONDS RETAINED IN PF5 AFTER 
. - THERMAL NEUTRON CAPTURE. G.P. Gennaro and Y.-N. Tang. Department of 
jChemistry, Texas A&M University, College Station, Texas 77843. 

For a multivalent atom in a molecule, the immediate chemical effect 
I following a nuclear trans formati on of the atom is the rupture of one or 
more of the original chemical bonds. For the 31p( n,y)JZP process in PF3, 
for example, Stewart and Hower measured the retention of all three bonds 
to be less than 0.12. This retention may arise from the momentum cancel-
lation of quanta in the gamma cascade which produces a net recoil which is 
insufficient for bond rupture. The present experiment was designed to 
evaluate the retention of various numbers of chemical bonds in PF5< The 
expected primary products of thermal neutron capture will be the series 
PFn, where n may be 0 to 5. Since both PF3 and PF5 are stable and measur-
able species, and since thermal neutron capture in the PF3 system does not 
give any significant amount of a s a product,it is possible to derive 
the spectrum from the PF5 system by measuring the ^pp^ an<| 32PF5 
yields under a variety of conditions, including non-scavenged and well-
scavenged samples. Products were separated and measured by radiogas chrom-
atography. The measured distribution, expressed as percentages of the ob-
served volatile activity, is: PF5(0.3%), PF4(9Z), PF3(8%) , and [PF2+PF+P] 
(83Z). 
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Appendix V 

A preprint entitled, "Gas Phase Recoil Phosphorus Reactions I -
Complete and Partial Retention of Bonds in PF5". Submitted to J. Inorg. 
Nucl. Chem. 



Gas Phase Recoil Phosphorus Reactions I-
Complete and Partial Retention of Bonds in PFS 

G. P. Gennaro and Y.-N. Tang 
Department of Chemistry 
Texas A & M University 

College Station, Texas 77843 

ABSTRACT 
Phosphorus pentafluoride vapor was exposed to thermal neutrons 

in systems with and without various additives. Ethylene, proved to 
be an efficient scavenger in this system, permitted the determination 
of primary retentions of 92PFS and 32PF3 after radiative neutron cap-

V 

ture, which represent the probabilities of survival of 5 bonds and 3 
bonds respectively. The partial retention of 3 bonds (1.34%) 1s much 
larger than the complete retention (0.08%) and is discussed in terms of 
factors which may promote partial bond survival 1n molecules with 
multivalent transformed atoms. 
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Gas Phase Recoil Phosphorus Reactions I -
Complete and Partial Retention of Bonds in PF5 

G. P. Gennaro and Y.-N. Tang 

Department of Chemistry 
Texas A&M University 

College Station, Texas 77843 

INTRODUCTION 

The question of the retention of original chemical bonds sub-
sequent to radiative thermal neutron capture has long been of in-
terest 1n the study of chemical effects of nuclear transformations 
[1-4]. The recoil energy resulting from the de-excitation of the 
compound nucleus is quite large compared with the normal range of 
bond energies. For 32P, the release of 7.937 MeV results 1n up to 
1040 eV of kinetic energy Imparted to the phosphorus nucleus [4,5]. 
The observation of small, finite retentions for many systems is 
explained by the probability of momentum cancellation of quanta 1n 
the gamma cascade to produce a net recoil which is Insufficient to 
rupture any chemical bonds. 

It is possible to experimentally obtain an upper limit for re-
tention by adjusting conditions to minimize the recombination of the 
product nucleus to reform the original molecular species. The stan-
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dard procedure is to work in the gas phase (thereby avoiding the 
contribution from 'cage1 effects of solvents) and to use an excess 
of radical scavenger to remove free radical products before they 
can reform the parent compound. 

A considerable amount of work on the reactions of recoil phos-
phorus has appeared in the literature, most of 1t in condensed phase 
systems [4]. For those three groups of Investigators working in 
the gas phase, the estimation of primary retention has, In fact, 
been an Item of major concern [5-8]. 

However, for all studies involving retention, phosphorus sys-
tems included, it 1s only the complete retention of all chemical bonds 
which has been evaluated. Nevertheless, in cases where the trans-
formed atom is multivalent, partial retention of one or more of Its 
original bonds is also a possibility. No experiment has thus far 
attempted to estimate the extent of partial retention In a suitable 
multivalent species. In this work, we have studied both the complete 
and partial retention of bonds In PF5 following radiative thermal 
neutron capture. This has been possible because PF3, one of the 
products expected from partial retention, 1s a chemically stable 
species. 

EXPERIMENTAL 

Phosphorus pentafluorlde and phosphorus tr1fluoride (>97%) were 
obtained from PCR, Inc. Ethylene (99.5%), argon (99.9%), phosphine 
(99.5%), nitric oxide (99%), and 1,3-butadiene (99%) were purchased 
from Matheson. All were used without further purification. Samples 
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were sealed in Pyrex vials using standard high-vacuum techniques. 
Neutron irradiations were performed at the Texas A&M Univer-

sity Nuclear Science Center reactor with a thermal neutron flux of 
13 2 

10 n/cm -sec 1n a sample rotisserie which exposed ten samples to 
an equivalent neutron flux. 

Analyses were conducted by radio-gas chromatography and the ef-
fluent activity was monitored by internal gas flow proportional 
counting [9,10]. A 1/4-in X 12-ft aluminum column of Porapak Q, 50-
80 mesh (Waters Associates), was adequate for the separation of PFa 
and PF5. Elution times at 25° and a He flow rate of 45 ml/min were: 
Ar-3 min, PF3-11 m1n, PF5-21 m1n, and PHa-23 min. All samples were 

31 

analyzed well after the decay of reactor produced S1 [8,11]. Car-
riers were added before analysis when carrier-free activity was to 
be measured. Chromatography of PF5 was possible only after adequate 
conditioning of the Porapak column with several Injections of car-
rier PF5. This conditioning was repeated before each series of anal-
yses. 

32 

Absolute yield values were derived by comparison of P activi-
ties with argon monitors, both external and internal [12]. External 
argon monitors were pure samples irradiated under Identical conditions. 
By assuming similar counting efficiencies for "Ar and 32P [8], the 
activity generated by the H0Ar (n,y) **Ar reaction can serve as a com-
parison standard, since cross sections and half-lives for both nu-
clides are well established [13]. The assumption of similar counting 
efficiencies for the two nuclides is justified because for Internal gas 
proportional counting: (1) the counting efficiency for y-rays Is negligible 
1n comparison with that for B particles; and (2) the pulse-counting process 
records the number of ionizing events without distinguishing the minor 
differences in energies of the emitted 3 particles [14]. 
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RESULTS 

Unscavenged Phosphorus Pentafluorlde 
When phosphorus pentafluorlde vapor is subjected to thermal 

neutron irradiation, both 32PF3 and 32PFs are observed as products. 
The major product is 32PF3, whose yield 1s approximately 5-10 times 
greater than that of the labeled parent. In the pure, unscavenged 
vapor, some increase in the 32PF5 / 3 2PF3 ratio was observed with In-
creasing total system pressure, due predominantly to an Increase 1n 
the 32PF5 fraction. In Figure 1, the ratio Is shown for the range 
of 50 to 750 torr. In order to achieve the most desirable counting 
statistics, a total pressure of 750 torr was chosen for subsequent 
experimentation. 

Scavenger Selection 
Selection of an efficient and workable scavenger 1s absolute-

ly necessary for the estimation of primary retention. Both nitric 
oxide and phosphlne [8] were used and they produced 32PF3 yields as 
shown in Figure 2. It 1s obvious, since both curves fail to reach 
a constant plateau, that neither of these two additives meet the re-
quirements of efficient scavenging. Measurement 1n both systems 1s 
further complicated by the fact that 32PF5, 92PH3, and 32P0F3 (a 
scavenged product in the NO system) are not separable from each 
other chromatographically under the operating conditions employed 
here. 

1,3-Butadiene, successfully used as a scavenger for the pure PF3 
system [8], produced a yellow-brown solid when condensed 1n the pre-
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sence of PFS and was therefore Inadequate for further experimenta-
tion. 

Ethylene Scavenged Phosphorus Pentafluorlde 
Further investigation showed ethylene to be an ideal scavenger. 

Yields of both 32PF3 and 32PFS decreased sharply with the addition 
of small amounts of ethylene as additive and leveled off to give a 
plateau at ethylene concentrations greater than 30%. 

The results for the PF5 system at 750 torr total pressure are 
presented in Figure 3. The absolute yields of 32PF3 and 32PF5 cal-
culated from actual data are 14.95 ± 1.36% and 3.36 ± 0.29% 1n the 
pure system and are lowered to plateaus of 1.34 ± 0.34% and 0.08 ± 
0.02% with the addition of ethylene. 

DISCUSSION 

Complete Retention, Partial Retention, and Non-Retention of Bonds After 
Neutron Capture 

Following radiative thermal neutron capture, the labeled parent 
molecule may exhibit complete retention of all bonds, partial retention 
of some bonds, or non-retention (rupture of all 5 bonds). Therefore, 
the primary species formed from nuclear recoil in PFS should consist 
of the entire series of 32PFn, where n may be from 0 to 5. In the sub-
sequent discussion, the quantitative yields of the primary species 
will be expressed as R5 for complete retention of 5 bonds, Ri» to Rj for 
partial retention of 4 to 1 bonds, and Ro for non-retention. 

Product Formation by Stepwise Fluorine Abstraction 
The primary species, PF , may undergo fluorine abstraction re-it 

actions to give either 32PF3 or 32PF5 as final products (Eqs. 1-5); 
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may be lost to the walls; or may react with additives when present. 

3 2 P + PF 5
 3 2 P F + P F - ( 1 ) 

3 2 P F + PF 5 + 3 2 P F 2 + PFI» ( 2 ) 

3 2 P F 2 + PFS
 3 2 P F 3 + PFI, ( 3 ) 

3 2 P F 3 + PF S
 3 2 P F „ + PF „ ( 4 ) 

3 2PF«, + PFS
 3 2 P F 5 + PFI» ( 5 ) 

The high yield of 32PF3 obtained from both unscavenged PF3 [8,14] 
and PF5 systems would indicate that the sequence of reactions (1) to 
(3) (and the analagous reactions 1n the PF3 case) take place quite 
readily. 

By contrast, experiments with PF3 vapor [15] show that only 
0.36% of 32P Is found as 32PFS. Thus, while the sequence of reactions 
leading to 32PF3 1s relatively efficient, the sequence of 4 and 5 
takes place to a much lesser extent. (This deduction is justified 
since P-F bond strengths for PF3 and PF5 are quite similar [16].) 
The inefficiency of the latter pair may be attributed to reaction (4) 
Instead of (5) since 32PF3 Is a stable species and, in all likelihood, 
unreactive in comparison with free radicals. 

Effect uf Pressure in the Pure System 
Production of 32PF5 in pure PF5 vapor Increases with total sys-

tem pressure. In the unscavenged case, 32PF5 may result either from 
direct nuclear activation without bond rupture (Eq. 6) or as the re-
sult of a fluorine abstraction reaction by 32PFi» (Eq. 5). It is quite 

pf 5 IlboJU 3 2 P F 5 * — 3 * p f 5 (6) 
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likely that both processes will benefit from Increased pressure. 
The primary retention (Eq. 6) 1n the gas phase 1s, to some de-

gree, dependent on system pressure. What 1s conventionally measured 
as the primary retention (R5) should 1n fact, be composed of pressure 
independent and pressure dependent terms. The pressure independent 
term would consist of all molecules which would survive, even at 
zero pressure. The pressure dependent term would be composed of act-
ivated species having a slight excess of Internal energy over that 
necessary to break at least one bond. At higher pressures, there will 
be a greater chance that these molecules might partake in a moderating 
collision before the completion of any bond rupture process. Thus, 
some pressure enhancement may contribute to the primary retention. 
Reported values of primary retention should therefore be specified at 
the measured pressure. In this work, it should be understood that all 
R values were measured at 750 torr total pressure. 

For fluorine abstraction (Eq. 5), the blmolecular reaction will 
be promoted by Increasing the concentration of one of the reactants. 
This reaction will, of course, be completely suppressed by scavenger 
addition. 

Since the primary retention at 750 torr will be shown to be quite 
small, it would appear that the pressure effect observed 1n the pure 
system is mostly due to changes in the abstraction probability. 

Determination of Rs 
At concentrations greater than 30% C2HI», both measured 32PF5 and 

32PF3 yields assume a constant, minimum value which may be taken to re-
present the primary retention of both species from activation of PF5 



-8-

vapor. Thus, (R5) = 0.08%. This is entirely consistent with other 
32p complete retention values obtained for similar systems, such as 0.2% 
for PCI3 [6], 0.05% for P(CH3)3 [7], and less than 0.1% for PF3 [8]. 

Theoretical Treatment of Complete Retention 
There have been a number of theoretical attempts to treat the 

question of chemical bond retention following radiative thermal neutron 
capture [17-20]. However, all of these are applicable only to the 
nuclear transformation of univalent species. These approaches are di-
vided into two steps. The first 1s the calculation of the energy dis-
tribution of the recoiling nucleus, while the second step Involves 
the prediction of bond survival probability or primary retention based 
on these calculated distributions. 

Calculations of the recoil energies resulting after momentum can-
cellation 1s normally straightforward If the necessary data on nuclear 
processes are known. General treatments of the recoil resulting from 
the gamma emission phenomena have been attempted in which this pro-
blem 1s treated as a three-dimensional random walk 1n momentum space 
[17-19]. For S5Cl(n,Y)S6Cl, whose nuclear characteristics are well 
known, Gordus [18] has determined that the mean recoil energy Is 65% 
of the maximum with a 99.98% probability of 1t being greater than 5 eV. 
However, application to other nuclides 1s usually hampered by the 
dearth of necessary data on nuclear processes. Including the time per-
iod for de-exc1tat1on and the angular correlation of emitted quanta. 

Campbell [20] bypassed this problem by assuming simultaneous, 
isotropic emission of three equivalent quanta per cascade. Of these 
assumptions, that of simultaneous emission seems to be reasonable, 
especially for the more energetic gammas. The arbitrary figure of 
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three quanta, likewise, is rational based on the published inter-
pretation of capture gamma spectra £21]. Although the assumption of 
isotropic emission 1s not strictly valid, some angular correlation 
having been observed [22], this assumption remains approximately 
workable. This means that, even in the absence of accurate nuclear 
data, the calculated energy distribution and mean recoil energy based 
on the above assumptions should be marginally acceptable. 

On the contrary, the subsequent treatment of bond survival proba-
bilities are of limited practical significance. Campbell [20] derived 
a simplified formula which attempted to predict the probability of 
momentum cancellation producing a recoil (in eV) smaller than the 
minimum necessary for bond rupture. The bond survival probability 
was given as: 

p « (2AE r , r o i r i ) * * ( 7 ) 

where l « 32.74 X E^(1n HeV)/n, n 1s the number of quanta emitted and 
1s generally taken as three, A Is the mass of the recoiling nucleus, 
and Er ̂  1s defined by Equation 8 in which R is the mass of the re-

Er.m1n = Eb <A + R > ' R < 8 ) 

mainder of the molecule and E^ 1s the bond dissociation energy. 
Although Campbell's general treatment (Eq. 7) has considerable 

merit, the extension to the use of Eq. 8 has very limited applicability, 
for reasons which may be summarized as follows: (1) Equations is 
strictly valid only for diatomic molecules [23] since the remainder, R, 
is treated as a point mass.; (2) It falls for polyatomic molecules even 
when the transformed atom 1s univalent* Gordus [24] performed calcu-
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lations on energy redistribution in systems in which the neutron 
capturing atom was connected by a single bond to alkyl groups and 
found that recoil energy significantly greater than the bond dis-
sociation energy was required for bond rupture.; (3) Maddock [3] 
has pointed out that non-dissociation in molecular species would be 
favored by internal inelastic collisions when the nucleus recoils 
1n the direction of the molecular axis.; and (4) For molecules in 
which the transformed atom is multivalent, severe complications may 
be introduced by the presence of additional bonds. 

Thus, for the present case of recoil 92P, 1t 1s possible to 
estimate the extent of momentum cancellation. However, no exist-
ing theoretical treatment is adequate for predicting the complete or 
partial retention for molecules with transformed multivalent phos-
phorus atoms. 

Determination of Ra 

The observed primary survival of PF3 (1.34%) is over 15 times 
greater than the retention of all five bonds. This rather pronounced 
difference may be due to the ability of the fluorine atoms surround-
ing the phosphorus to promote molecular survival through collisional 
de-excitation [3]. After radiative neutron capture the multivalent 
phosphorus atom will recoil away from one or more fluorine atoms and 
recoil towards one or more fluorine atoms. If the recoil energy 1s 
sufficient for bond rupture, the P-F bonds Involved In the former sit-
uation are likely to break while for those Involved In the latter case, 
there is an additional enhancement to survival resulting from possible 
internal collisions. This means that R5, which depends only on the 



rupture of one bond, is expected to be much smaller than R3. The 
general deduction from this observation Is that for a multivalent 
transformed atom, the complete retention is normally much smaller than 
the possible partial retentions. 

Determination of Ru and (Rg * Ri + Ro) 
Yield data from unscavenged PF5 vapor cannot be interpreted in 

the straightforward manner possible for highly scavenged vapor. How-
ever, the inefficiency of reaction (4) (based on the argument of a 
previous section) would Indicate that 32PFS results from fluorine 
abstraction by 32PFi» in addition to the primary retention. The dif-
ference between the unscavenged 32PF5 yield and R5 could then be at-
tributed to R>» (about 3%). However, since this assumption is not 
necessarily quantitative, the obtained value 1s only an order of mag-
nitude estimate and may represent an upper limit. 

Since all yields are normalized to the total amount of 32P pro-
duced, (R2 + Ri + Ro) will be equivalent to 100-(RS + R«* + R9) and is 
about 95%. Thus, the majority of 32P produced retain only two bonds 
or less. 

In this experiment, it is not possible to determine R2 or Ri In-
dividually. However, 1t is expected that both are of the same order 
of R a or greater. 
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CONCLUSIONS 

Following radiative neutron capture in PF5 it is experimentally 
determined that the complete retention of PFS (Rs) is 0.08% and the 
partial retention of three bonds (Rs) is 1.34%. In addition, there 
are Indications that R2. and Ri are all approximately of the same 
order of magnitude as R3. This means that R0 may be 90% or less. It 
is concluded that for a multivalent transformed atom, although the 
complete retention is negligibly small, the partial retentions may 
amount to as high as 10%. Therefore, while the majority of recoil-
ing nuclei will exist as free atoms, it is not possible to completely 
ignore the contribution of partial retentions. 
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Figure 1: Ratio of 32PFS and 32PF3 from neutron irradiation of 
pure PF5 vapor as a function of pressure. 

Figure 2: Absolute yields of 32PF3 resulting from neutron irradi-
ation of PFs-NO (0) and PF5-PH3 (•) mixtures of 750 torr 
total pressure. 

Figure 3: Absolute yields of 32PF3 (0) and 32PF5 (I) resulting from 
neutron irradiation of PF5-C2HI» mixtures of 7 5 0 torr total 
pressure. 
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Appendix VI 

A preprint entitled, "Olefin Addition Reactions of Silylene and 
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Olefin Addition Reactions of Silylene and Silicon Atoms 
By Lajrxu Y. V- Su. S. H. Daniel 

and .V.-N., Tflflg,* 

College Station, Texas 77843) 
(Chemistry Department 
Texas A&M University 

Formation of high energy silicon atoms by the nuclear recoil 
technique in the presence of olefins has resulted in the observation 
that singlet silylene adds to 1,3-butadiene to give silacyclopent-3-ene 
and that silicon atoms may react with 1-butene to give the same product. 

The nuclear recoil technique of producing silylene, the silicon analog 
of methylene, has been well established by the extensive work of Gaspar 
and co-workers.1"6 Reactions of silylene established thus far include 
insertion into Si-H2,3,5"8 and Si-Si5 bonds. Addition to C=C bonds, 
which is expected to be a characteristic silylene reaction from con-

% 

sideration of the well known olefin addition reactions of methylene, 
has not thus far been unambiguously demonstrated.1 In this work, we 
wish to report the formation of si 1acyclopent-3-ene-3*Si (SCP*) from 
the reaction of silylene with 1,3-butadiene (1) as the first observed 
olefin addition reaction of silylene. 31c:u 

neutrons converted from a 20 MeV deuteron beam at the Texas A&M 
University Cyclotron Institute. However, since the threshold for 

+ (1) 

Silicon-31 is produced by a method similar to that employed by 
2 Gaspar, in which the 31P(n,p)31 Si reaction is initiated by fast 
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Q 

the above nuclear reaction is only 2 MeV,~ we have also succeeded in 
producing larger amounts of 31Si with neutrons from the Texas A&M 
University Nuclear Science Center reactor by using an internal cadmium-
lined boron sample container to remove thermalized neutrons. Products 
were analyzed by radio-gas chromatography*0 and identification of the 
addition products was confirmed by coinjection of authentic samples^ 
on three columns (silicone oil, dimethylsulfolane, and tri-o^-tolyl 
phosphate) with different elution characteristics. 

Silicon atoms resulting from the nuclear transformation abstract 
hydrogen from phosphine (2 and 3). 

31Si + PH3 • 31SiH (2) 
31SiH + PH3 • 31SiH2 (3) 

Preliminary measurements, listed in the table as Experiment 1, in 
which relative concentrations of phosphine and 1,3-butadiene were 
varied over a wide range, fail to show any significant differences 

# 

in the specific yield of SCP*, which itself is greater than 85% of 
the total volatile activity. Therefore, reaction 1 is relatively 
efficient and insensitive to substantial variations in reactant con-
centrations. Addition of nitric oxide as radical scavenger in 
Experiment 2 has no significant effect upon the SCP* yield which 
is a strong indication that the reacting silylene is in its singlet 
spin state. This apparent 1,4 addition may be due to consecutive 
1,2 addition, to give an unstable vinyl silacyclopropane, and 
isomerization to SCP*, a mechanism which has been suggested for 12 13 similar systems. ' 
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The quantitative trapping of 31SiH2 as SCP* provides a means of 
investigating reactions 2 and 3. The relative efficiency of these 
hydrogen abstraction reactions may be compared with the analogous 

13 
fluorine abstractions by measuring relative amounts of SCP* and 
1,l-difluorosilacyclopent-3-ene-31Sj_ (DFSCP*) resulting from both 
internal and external competition between PH3 and PF 3 J 4 Preliminary 
results under both conditions indicate a twofold preference for 
DFSCP* production and, hence, a preference for fluorine abstraction. 

Experimentation has commenced on the formation of 31Si in the 
presence of various olefins. With isobutylene, no SCP* is observed 
with either PH3 or PF3 as the silicon precursor, as expected. How-
ever, a small amount of SCP* is unmistakingly detected in a parallel 
experiment with 1-butene. When PF3 is employed, a reproducible SCP* 
specific yield of about 5% (relative to the SCP* yield from the 
PH3-1,3-butadiene system) is observed. It is likely that SCP* 

# 

formation from 1-butene is initiated directly by 31Si atoms rather 
than silylene since 1-butene is the only source of hydrogen when 
PF3 is the silicon precursor and since any mechanism using silylene 
would require the elimination of two hydrogens from an intermediate. 
Interaction of 31Si atoms with 1-butene, on the other hand, would 
give an adduct which might undergo internal rearrangement to give SCP*. 

This research was supported by AEC contract No. AT-(40-1)-3898. 
The authors wish to express their appreciation to Drs. J. Laane and 
T. H. Chao for help in compound synthesis. 



Addition of 31SiH2 to 1 ,3-Butadiene t 

Composition (torr) SCP* 
i Specific 

Yielda 
SCP* 
Relative 
Specific 
Yieldb Expt. 

l 
PH3 1,3-Butadiene 

i 
NO 

SCP* 
i Specific 

Yielda 
SCP* 
Relative 
Specific 
Yieldb 

1 312 3Q4 - 1.4723 (100) 
1 452 158 - 1.2790 87 ± 6 
1 504 62 - 1.3270 90 ± 6 
2a 636 150 - .0999 (100) 
2a 607 150 28 .0870 87 ± 19 
2b 559 137 - .2364 (100) 
2b 575 149 28 .2167 92 ± 14 

a. Total decay corrected activity per unit PV of precursor PH3. 
Units are counts per torr-cc. 

b. Since the irradiation conditions for each experiment are not 
easily reproducible, results are normalized within each set, 
where a number of samples are exposed to an equivalent neutron 
flux. 
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ABSTRACT 

Products from recoil phosphorus reactions with PH^ or PF^ 
exhibit no pressure dependence. In the PH^ system 1,3-butadiene 
was found to be an effective scavenger probably due to the sta-
bilization of the C-P bond in the scavenged adduct by conjugation. 

32 
It has also been shown that the H-abstraction by recoil P atoms 
from PH^ is about 160 tines more effective than the F-abstraction 
from PFy The upper lind.t for the complete retention of bonds in 
PH, after radiative neutron capture has been estimated as 4Z. 



Gas Phase Recoil Phosphorous Reactions II-
A Detailed Study of Pressure and Scavenger Effects 

6. P. Geniiaro* and Y.-N. Tang 
* 

Department of Chemistry 
Texas A&M University 

College Station, Texas 77843 

INTRODUCTION 

The diemistry of phosphorous atoms In vapor phase systems had, 
until recently, attracted little interest. Certain informative hot 
atom studies with PH^, P(CH^)^ and PCl^ have been initiated [1-5], 
but unfortunately, no systematic follow-up experiments have been 
performed. Very recently, the interest in recoil phosphorous 
reactions has been renewed. Stewart and Hower have studied the 
reactions of 32p atoms with PF^ and PH~ [6]. They tried various 
compounds as potential scavengers and showed that PH^ itself is a 
very powerful one which can be employed in the studies of other 
phosphourous-containing systems. However, an efficient scavenger 
for PH^ Itself was not obtained. 

The problem of scavenging is much more complicated in recoil 
reactions due to the fact that simple phosphorus-containing 

compounds are normally chemically reactive towards a variety of 
reagents, and that abstraction reactions involving some parent 
compounds are extremely efficient. As a result, a unique scavenger 

32 
cannot be found which will fit the needs of every recoil P system. 
In the present work a detailed systematic evaluation of scavengers 
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and a pressure effect study in PH^ and PF^ systems has been carried 
out. The results of these studies will also provide new information 
on other phases of recoil phosphorous atom reactions. 

EXPERIMENTAL 

32 
Recoil P reactions were carried out using the standard techni-

ques employed in hot atom chemistry studies [7,8]. PH^ or PF^ mixed 
. with the desired additives was sealed in Pyrex bulbs, using standard 
high vacuum techniques. Neutron irradiations were performed at the 
Texas A&M University Nuclear Science Center Reactor with a thermal 13 2 
neutron flux of 10 n/cm sec for 30 minutes in a rotisserie which 
exposed ten samples to an equivalent neutron flux. Standard radio-
gas chromatographic techniques were used in the analyses with a 1/4 
In x 12 ft aluminum column of Porapak Q, 50-80 mesh, for product 
separation, and an internal gas flow proportional counter for radio-
activity detection. 

Phosphorus trifluoride (>97%) was obtained from PCR, Inc. 
Phosphine (99.5%), nitric oxide (99%), ethylene (99.5%), 1-butene 
. (99%), and 1,3-butadiene (99%) were purchased from Matheson. 

All phosphorus-containing compounds were handled with great 
care. The gas chromatographic columns were all vell-conditioned 
before sample analysis. Quantitative amounts of phosphorus-contain-32 
Ing compounds, whose P-labelled forms were expected as products 
from the recoil reactions, were always added to the sample 
as carriers. 

For the quantitative evaluation of specific yields, both 
pressure and volume of the reacting system were accurately mea-
sured. As a second check of the reactant quantity, the area of 
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each chromatographic mass peak was also recorded. Actually, whenever 
available, it was this quantity that was used for the specific 
activity calculations. 

RESULTS 

32 32 Pressure Dependence of PH^ and PF^ Yields 
32 Recoil P reactions with pure PH^ or pure PF^ have been 

studied individually, and essentially the only product observed 
32 32 

In each of the two systems was PH^ or respectively. How-
ever, whenever quantitative amounts of PF^ were used as carriers 32 
In the analysis of the PF^ system, a small yield of which 
amounts to 0.36%, was observed. 

The pressure dependence of product yields has been studied 
for these pure systems, and the result is shown in Figure 1 for 
pressures 50 to 800 torr. Xn Figure 1, the specific absolute 

32 32 
yields of PH^ and PF^ were plotted. The absolute yield was 

• obtained by the comparison with argon monitor samples [6,9] and 
the specific absolute yield is then the absolute yield per unit 32 
quantity of the P precursor. In the present case it Is obvious 
from the data that there is no pressure dependence in the range 
of SO to 800 torr for either of these two products. 
Oxygen, Nitric Oxide, and PH^ Scavenged PF^ Systems 

32 
In Figure 2, specific absolute yields of PF^ were plotted 

as a function of three different additives: 02, NO, and PH^. All 
our results from the PH^ - PF^ mixture, including the comoosition 

32 32 dependence of both PF^ and PH^ yields, quant itatively confirm 
the findings of Stewart and Hower [6]. It is observed that, at a PH^ 

32 mole concentration of larger than 10%, the PF- yields essentially 
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level off at a value of 0.3Z. 
Hitric oxide behaves very similarly to PH^ as a scavenger. The 

32PF3 yield drops dramatically at the addition of the first 5% of NO, 
8nd then levels off and gives the same specific absolute yields of 
^PF^ as the well-scavenged PH^ - PF^ systems. 

Some complications appear in samples where oxygen was added. 
Although the ̂ PF^ yields eventually level off at the same specific 
absolute yield when 20% or more of is added, the observed quantity 
of ̂ PF^ is much higher at e. lower percentage of oxygen. This com-
pli cation migfct originate from certain chemical reactions which 
consume a fraction of the added oxygen, and as a result, render the 
sample less scavenged. 

In both oxygen and nitric oxide scavenged PF^ systems, a yield 
of ̂ POF^ together with a small unlabeled mas^ peak is observed. 
Presumably, this product arises from scavenging. The evidence 

32 
that POF^ does not result ire rely from radiolysis is shown by the 
specific activity of this product being much higher than the corre-
sponding values for the parent compound. 
Nitric Oxide, Ethylene, 1-Butene, and 1.3-Butadiene Scavenged PH^ 

A number of compounds such as oxygen are chemically reactive 
towards Pfl̂  [10] and therefore are not suitable as scavengers. 
However, due to the extreme ease of hydrogen abstraction from PH^ 
by ^ P atoms or ̂ P-containing radicals, most of the common scavengers 
are not efficient enough to suppress or, compete with this kind of 
thermal abstraction reaction. 

In Figure 3, results showing the effect of scavengers, such 



as nitric oxide, ethylene, and 1-butene are given. It is obvious 
that none of these scavengers are competing favorably with PH^ for 
thermalized species. However, 1,3-butadiene is shown to be a usable 
scavenger for the PH^ system. Although the scavenging curve is not 

32 
ideal, it does show a sharp decrease in . PH^ yield with the addition 
of 10Z 1,3-butadiene and then gradually levels off at higher concen-
trations of 1,3-butadiene. In Figure 3, it is seen that scavenging 32 

has decreased the PH^ absolute yields to 4%. 

DISCUSSION 

Significance of Pressure Independence of Product Yields 
32 32 The fact that neither the PH^ nor the PF^ yields are pressure dependent points to two conclusions about the pure systems. 

First, it indicates that both the recoil loss and the diffusion loss 
32 

[11] in these recoil P systems are essentially negligible, even at 
a pressure as low as about 50 torr. If this were not the case, a 
decrease in the specific activities of products at low pressures 
would be observed. 

Secondly, the observed pressure independence indicates that 32 32 
unimolecular decomposition [12,13] of " PH^ and PF^ is not serious. 
This is not surprising because both products are expected to be 
formed from the following type of abstraction reactions. 

32P + PX3 32PX + PX2 (1) 
32PX + PX3 32PX2 + PX2 (2) 
32FX2 + PX3 + 32PX3 + PX2 (3) 
32 Even if the reacting P atoms are trans la tionally energetic, the 

32 precursor of reaction (3), PX^is likely to be thermal. As a 
32 result, the final products, PX_, are not going to be excited enough 



for unimolecular decomposition. 

Relative Efficiencies for Hydrogen and Fluorine Abstraction Reactions 
32 by Recoil P Atoms 

32 
The results in Figure 1 indicate that the absolute yield of PH^ 

from 32P + PH3 systems is 58.7% and that of 32PF3 from 32P + PF3 
systems is 27.6%. This gives an apparent impression that the former 
is about twice as reactive as the latter. However, the actual rela-
tive efficiency of reactivity might be very different due to the fact 
that in a noncompetitive pure system the measured product yield is 
not a strict representation of the reactivities. A physical way to 
evaluate the relative efficiency for the hydrogen and fluorine ab-32 
straction reactions by recoil P atoms is the direct competition 
method. From the binary system of PH^ and PF^ at equal molar concen-
tration, the yield of is actually about 160 times higher than 

32 
that of This means that the combination of the three H-
abstraction steps is much more efficient than the corresponding 
three steps of F-abstraction. 
Efficiency of Scavengers in PF^ Systems 

For a multi-step reaction, a scavenger may be either competi-
tive or eliminative in nature. For the PF^ system, both NO and PH^ 
have proven to be efficient scavengers without undesired complications. 
Of the two, FH^ should be basically a competitive scavenger due to 32 the high efficiency of H-abstraction by P atoms while NO may be 
more eliminative in nature. Nitric oxide may combine with any 
32 32 P-contalning intermediate during the PF^ formation and prevent 

32 
the production of the final product. The detection of POF^ as a 
product in the system gives direct proof for such interactions, 
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32 presumably POF^ la only one of the many possible oxygen and/or 
nitrogen-containing scavenged species from this system. 

Efficiency of Scavengers in PH^ Systems 
The fact that 1,3-butadiene is a efficient scavenger for the PH^ 

system while other olefins, such as ethylene and 1-butene are not, 
can be explained as follows. In the first place, the hydrogen ab-
straction process is so efficient that its reactivity per collision 
night be the same order of magnitude as that for the interaction of 
32 P-containing species with double bonds. Secondly, the C-P bonds 
(about 65 kcal/mole) are weaker than the C-C bonds (about 80 kcal/mole) 
and, therefore, are the ones which are preferentially broken [14]. 
This can be viewed in the following set of reversible reactions 
with 1-butene as an example. 

32PX„ + CH, = CH-CH0—CH«, T 32PX - CH,-CH-CH0-CH0 (4) n z t j n & z J 
32 

The PXft (where n = 0 to 2) addition product decomposes to regenerate 
32 

the original PXQ which will eventually undergo hydrogen abstraction 
reactions as in reactions (1), (2), and (3). This proposed mechanism 
accounts for the inefficiency of ordinary olefins as scavengers in 
the PH^ system. 

However, when a conjugated diene is useds it is possible the C-P 
bonds might be retained due to conjugation, as shown below for 1,3-
butadiene. 32PX + CH0 • CH - CH « CH0 32PX -CH0-CH-CH - CH_ (5) n 2 2 n 2 2 32PX - CHo-CH-CH = CH„ X 32PX -CH,-CH - CH-CH, (6) n z n z z 
The product from (6) may undergo further addition reactions and as 

32 a result, PX would not be regenerated. 
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An Upper Limit for Bond Retention In PH^ 
The complete and partial retention of P-F bonds in PF,. has been 

evaluated using results from well-scavenged systems [8]. At present, 
similar procedures can be employed for the PH^ system since 1,3-
butadiene appears to be an efficient scavenger. From Figure 3 it 

32 
Is seen that the PH^ yield levels off at about 4%. Since this 
Is the absolute yeild, it is «.lso the upper limit for the retention 
of all three P-H bonds in PH^ after radiative neutron capture. This 
value is higher than what has been observed in other phosphorus 
containing systems such as PF^ (0.1%) [6] and PF^ (0.08%) [8]. 
However, a higher retention is actually expected judging from the 
ligiht mass o£ the hydrogen atoms [15,16]. 
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Figure Captions 

Figure 1; Pressure dependence of the specific absolute yields of 
32PH3 (O) and 32PF3 (A) from recoil 32P reactions with 
pure systems. 

Figure 2: Specific absolute yields of 32PF3 from PH3 (&) > NO (O) 
and (•) scavenged PF3 systems. 

32 
Figure 3; Specific absolute yields of PH3 from NO (A), C ^ (•)» 

JL-Ĉ Hg (Q) and 1,3-butadiene (Q) scavenged PH3 systems. 
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