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In the last twelve months significant strides have been made toward the

accomplishment of the research goals which we have set ourselves.  These goals

continue to be:  1. Elucidation of the chemistry of recoiling silicon and ger-

manium atoms and the manner in which their reactions take place, that is to say

the operative reaction mechanisms; 2. Determination of the vibrational excita-

tion and rates of rearrangement of reaction products; and 3. Exploration of the

reactions of atomic silicon and germanium with a variety of substrates.

This summary of research accomplishments during the past year covers the

following topics:  a. Primary reactions of recoiling silicon atoms. b. Implica-

tions of ion-molecule reactions for recoil studies of silicon atom reactions,

c. Reactions of reoiling germanium atoms. d. Flow-discharge experiments on the

reactions of carbon, silicon, germanium, hydrogen and chlorine atoms.

Primary reactions of. recoiling silicon atoms.

31Firm evidence having been obtained for the importance of SiH in the
2

31         31product-forming steps responsible for the major products SiH and SiSiH46
from the reactions of recoiling silicon atoms in phosphine-silane mixtures

(see technical reports COO-1713-251 and COO-1713-242), attention has been

focused upon the primary reactions of recoiling silicon atoms.

*
This is AEC standard technical report number COO-1713-36.
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We have suggestedl,2 that consecutive insertions by recoiling silicon

atoms provide a mechanism for the formation of trisilane from phosphine-silane

mixtures:

31                                31        *
Si + SiH (1)4     5  [H-  Si-SiH31

31        +              ,   31 .
[H-     Si-SiH3]-     + M , H- Si-SiH (2)3

31        4      +       , 31
[H-  Si-SiH3]        / Sin (3)2

31                                31
H- Si-SiH +

SiH4 3 SiH3 SiH2SiH3 (4)
3

Evidence for this reaction scheme, in addition to the observation of the

trisilane product, included the decrease in trisilane yield and increase in the

31
yields of   SiH2 insertion products with decreasing pressure, indicating a

competition between unimolecular decomposition and collisional stabilization

of an excited intermediate.

This double-insertion mechanism for the production of trisilane has been

subjected to careful scrutiny in the past year, since it has become clear that

ionic as well as neutral species may be important intermediates in the reactions

of recoiling silicon atoms.  The evidence from ion-molecule reaction studies

concerning the role of silicon ions in recoil systems will be discussed in the

next section of this report.

We have obtained direct evidence from recoil studies that Si  ions are
31 +

important intermediates, having employed "ion scavengers" to detect the presence
31  +

of Si  in recoil systems.

The low ionization potential of atomic silicon (8.15 V)3 prevents neutra-

31  +
lization  of   Si  at thermal kinetic energies in phosphine-silane mixtures.

While the occurence of ionic intermediates in recoil atom chemistry has prece-

dents (e.g. halogen atom reactions),4 the occurence of ion-molecule reactions
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in recoil systems has generally been discounted in those cases in which the

adiabatic principles predicts that neutralization of initially charged recoiling

atoms will occur at energies well above the range in which hot atom reactions

occur.  There is evidence however that reionization can occur at energies below

the adiabatic regions,6 and such reionization may produce silicon ions which

can take part in the ion-molecule reactions which will be described in the next

section of this report.

We have carried out recoil experiments with molecules whose ionization

potentials  are lower than that of silicon, i.e. triethylamine (i.p. 7.35 V)3

and trimethylamine (i.p. 7.96 V).3  These amines were added to phosphine-silane

mixtures prior to fast-neutron irradiation. It was found that low concentrations

of these "ion-scavengers" caused a decrease in the yield of radioactive trisi-

lane, while the yields of silane and disilane remained unchanged.7  Molecules

similar in structure but with higher ionization potentials, i.e. 3-ethylpentane

and isobutane, did not affect any of the product yields.  We belive  therefore

31  +that the yield of trisilane may have been reduced because Si ions were removed

by charge exchange:

31 .+
) 31Si  +  Et3N+

Sl   +  Et N (5)3

This reaction has been observed by ion-cyclotron resonance spectroscopy 8 (vide

infra).  Amines have also been observed to cause decreased product yields in

thermal neutron induced reactions of silicon atoms in silane.

Another recent observation casts some doubt on the double-insertion mechanism

for trisilane formation in recoil systems.  This mechanism (reactions 1, 2 and

4) predicts that the radioactive atom should be found exclusively in the center

of the trisilane molecule.  Degradation of the radioactive trisilane (diluted

with carrier) by the elegant reaction discovered by Ring and coworkers 8 reveals
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that a considerable fraction of the radioactive silicon atoms are in the terminal

positions of the trisilane molecule.  This observation can be reconciled with

the intervention of ionic intermediates (vide infra) or may be due to the

rearrangement of vibrationally excited silylsilylene:

31                      31        *      ,    31        *Si  +
SiH4 >  [H-  Si-SiH31 1 [H3  Si-Si-H]           (6)

31                             31
H- Si-SiH + SiH ) SiH3 SiH2SiH3 (4)34

31                      . 31H Si-Si-H + SiH
SiH3SiH2SiH3 (7)

3                      4

From the recent experiments with "ion scavengers" and the degradation of

trisilane, an ionic pathway appears to be responsible for at least a portion of

the trisilane product from the reactions of recoiling silicon atoms in phosphine-

silane mixtures.

It is of great interest to determine the factors which control the rela-

tive importance of ionic and neutral recoil reaction processes. It appears

that the recoil silicon system will provide new information about recoil atom

charge exchange at energies below the adiabatic region.  Efforts are continuing

to accurately define the contributions of the neutral and ionic processes which

together comprise the reaction mechanism for silicon atoms recoiling in simple

gaseous systems.

The experiments of this section were carried out by Dr. Stewart and Mr.

Holten.

Implications of ion-molecule reactions for recoil studies of silicon

atom reactions.

When we began our studies of ion-molecule reactions in silane ten months

ago,  the only ionic species formed by electron impact known to react with ,silane
++

was   SiH2f ·
9 Thermochemical arguments convinced   us   that   SiH3    '   Sill    ,   and,   most

+
important for our recoil studies, Si  should undergo the following exothermic

reactions: 10·11
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+                     +
Si   + SiH (8)4     >  Si2H2   + H2

+                    +
SiH + SiH

)  Si2H3   + H2 (9)
4

+ . +
SiH + SiH Si H .+ H (10)3         4            2.5        2

These reactions have been observed by ion cyclotron resonance spectroscopy (see

technical report COO-1713-27). The following additional new exothermic reac-10

tions were also discovered..10,11

+                    +
SiH + SiH 3 Si H- + 2H (11)3    4     23    2

+                   +
SiH + SiH

i Si2H    + 2H (12)4 2

SiH + + SiH
)       Si114                 +        SiII

+
3          4                             3

(13)

The latter reaction is a hydride transfer which occurs with the remarkably high

°2
cross section of 290 A . In addition, the following reactions observed by Lampe

and coworkersg were confirmed by our experiments:

SiH2  +  SiH
4             3            3

) SiH +  Sin
+

(14)

+                     +
SiH + SiH > Si JI + 2H (15)2            4             2 2          2

+                    +
SiH + Sin ) Si H + H (16)2    4     24   2

Endothermic ion molecule reactions in silane have also been observed

(see technical report COO-1713-31):12

+
Si     + SiH

3 Si2113+ + H (17).4

+
Si     + SiH

) Si2H   +  H2  + H (18)4

Si+    + Sin (19)4  ) Si +  + 2112
+

SiII +
SiH4 ) Si2H2+ +  H2  + H (20)

+
SiH + SiH

) Si2H    + H2  +  H  + H (21)4

+                   +
Sill + Sill 1 Si +  2H  +  H               (22)4            2            2

I
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+
SiH2   + SiH4 ) Si2113  + H2 + H (23)

+                    +
SiH + SiH ) Si2H2   + H    +  H

+H (24)
2            4                          2

+                   +
Si112 + Si114 > Si2 1 + 2H2 + H (25)

+                  +
SiH + Sill (26)

2         4     3 Si2
+ 311

2

+
SiH3'A + Si114

) Sin + 2H (27)2 3        2

+
SiH3 + SiI14 >  Si2H2   +  2H2  +

H (28)

+
Sin + SiH , Si2H+ + 3112

(29)34

From the variation of rate constants with ion kinetic energy it was con-

cluded that both exothermic and endothermic ion-molecule reactions proceed via

the formation of excited complexes, e.g.:

+
SiH + SilI

;   [Si2115 ]

 
(30)

4

0                       +

[Si2H5 ]- ) Si2H3   +
H (31)
2

+*       +
[Si2115 1

,
Si2" + 2H (32)

2

In addition to the secondary ion products formed directly from the reac-

tions with silane of the primary ions Si , SiH , SiH2  and SiH3  formed from

silane upon electron impact, we have also detected higher molecular weight

tertiary ions, products of reactions of secondary ions with silane (see technical

repot COO-1713-35)8

+ +
Si2H  +

Sin 3 Si3H + 2H (33)4                         2

+ +
Si II + SiH ) Si II + H (34)2     4     33   2

+
Si II + SiH > Si)H4  + H2 (35)22    4

+
Si H + SiH ) Si3H3+ + 2H2 (36)23 4
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+                     +
Si H + SiH > Si H +H (37)

2 3 4            3 5        2

+ +
Si Il + SiH 3  Si H +H (38)23    4 36

+
Si H + Sin

3      S i3H6        + 112
(39)

2 4         4

These reactions have also been recently observed by Lampe and coworkers

using a tandem mass spectrometer. The importance of these ion molecule reac-13

tions for recoil studies is that they indicate the feasibility of ionic path-

ways in recoil reaction systems and permit a prediction of the major ionic

products.

+The principal reaction sequence predicted for silicon ions Si  in silane

at moderate pressures is:

+                        +Si  +
SiT14 ) Si2H4 (40)

+Si H   + SiH >  Si H (41)2 4        4         3 8

S i H+ + e- 3 Si II (42)3 8 3 8

It is important to recognize that the electron affinity increases in the order

+               +                                                                                                                             +
Si  < Si2H4  < Si3H8 .  Therefore the probability for neutralization of Si3H8

compared with the probability of further addition reactions is greater for

Si3 18  than. that for Si2HZ,  and Si .
Ion cyclotron resonance experiments also have demonstrated the facile elec-

+
tron exchange between Si  and triethylamine (reaction 5), thus supporting the

hypothesis that the decrease in trisilane product yield from recoil experiments,

+
when the amine is present, is due to removal of Si  by charge exchange.

The ion cyclotron experiments suggest that trisilane is the most likely

31  +
product of reactions initiated by   Si  via ion-molecule reactions. Thus the

evidence from "ion-scavenger" experiments that silane and disilane are products
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of neutral intermediates, and trisilane is a product of an ionic intermediate,

is consistant with the results from the ion cyclotron experiments.

On the basis of the recent recoil experiments and ion cyclotron resonance

studies, it appears that ca. 10% of the silicon atoms recoiling from' the

31      31P(n,p)  Si nuclear transformation in gaseous phosphine-silane mixtures react

via a sequence of low energy ion molecule reactions.

We have also carried out ion-molecule reaction studies in silane-methane

and silane-CD4 mixtures (see technical reports COO-1713-28 and COO-1713-29). 14,15

While SiH  and SiH2  were found to react with methane in the following exo-

thermic reactions,

SilI + CH ) SiCHJ   + H                     (43)4                         2

+
SiH + CH 3  SiCH4+ +

H (44)
2              4                            2

Si"2+ +     CIi 4          +   + H (45), SiCH54

+
Si was not observed to react. This observation rules out a low energy ionic

+
pathway leading from Si  to alkylsilanes in recoil experiments.

Study of SiH4-CD4 mixtures established hydride ion transfer rather than

proton transfer as the mechanism for reactions such as:

+

CDJ    +  SiH4    CD3H  + SiH3 (46)

CD
+

+  SiH
+

4 X ; CD, +         SiII D (47)4

+
SiII D

,

SiH,+
+ liD (48)

4

+
SiH D ) Sili2D   +

H (49)
4                                2

A most interesting observation was that H2 is lost in preference to HD or

D in the reaction of Sill
2  with CD4:152

+                                      \                +
SiH2

+ CD , SiCD + II (50)
4               4         2
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This suggests the formation of an excited intermediate SiCH2D4  which subse-

quently and selectively loses the more weakly bonded hydrogens.

The experiments in this section were carried out by Dr. Stewart with the

help of Dr. Jay Henis of the Central Research Department of the Monsanto Com-

pany.  We are grateful to Monsanto for generously making available time on their

ion cyclotron resonance spectrometer.

Reactions of recoiling germanium atoms

Work has continued on the mechanisms of reaction of germanium atoms recoil-

76       75ing in germane from the Ge(n,2n)  Ge nuclear transformation. Absolute yields

have been accurately determined and moderator studies carried out.  As an

operating hypothesis we use the reaction scheme proposed a year ago (see techni-

75cal report COO-1713-25)1 which includes two consecutive insertions by Ge atoms

75into Ge-H bond of germane to form trigermane, and insertion by GeH to form
2

vibrationally excited digermane which can dissociate into germane.  This mech-

anism has been incorporated into a paper (see technical report COO-1713-13).16

However the role of Ge  ion in the recoil reactions must be carefully inves-
75  +

tigated before the accepted mechanism can be regarded as being firmly

established.

The higher yield of trigermane from germane (30% of total volatile pro-

ducts, 20% absolute yield) compared with the yield of trisilane from phosphine-

silane mixtures (10% relative, 8% absolute), and the lower ionization potential

of germanium compared with silicon, makes the germanium recoil system even more

attractive than silicon for the study of primary recoil reactions and the role

of ion molecule reactions in hot atom chemistry.

Experiments in this section have been carried out by Mr. Frost, Mr. Holten

and Dr. Stewart.
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Flow-discharge experiments on the reactions of. carbon, silidon, germanium,

hydrogen and chlorine atoms.

For the past nine months Mr. Kwang Yul Choo has been carrying out experi-

ments   at the Brookhaven National Laboratory in collaboration  with  Dr.   A.   P.   Wolf

using a discharge-flow system equipped with a vacuum ultraviolet monochrometer

and photomultiplier-amplifier system to detect and measure concentrations of free

atoms by atomic absorption and atomic fluorescence spectroscopy.  As a versatile

atomic emission light source, a second portable discharge-flow system is

employed.  Our goal is to make direct kinetic measurements on the reactions of

silicon, germanium and other atoms of interest, in order to better understand

the recoil experiments.  A preliminary report is now published (see technical

report COO-1713-22).17

Extensive variation in the conditions used for the dissociation of silane

and germane into silicon and germanium atoms respectively 17 has indicated that

such factors as precursor concentration, total pressure, and wall conditioning

in the flow system strongly influence the free atom concentrations obtained.

Experiments have begun with flowing hollow cathode discharge tubes as "clean"

atom sources. Silicon and germanium atom concentrations have thus far not been

maintained with sufficient stability to permit quantitative suudies of the free

atom reaction rates.

In order to learn more about silicon-hydrogen and germanium-hydrogen bonds

and to test our ability to obtain quantitative kinetic data from the discharge-

flow system, we have measured the rates of reaction of hydrogen atoms with silane

and germane, and, for comparison, with ethylene.

The rates of reaction of hydrogen atoms with silane and germane are very

large compared with the measured rate of reaction with ethylene and the reported

rate of reaction with methane.
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Reaction Rate constant at 300'K Reference

3 -1 -1
(cm molecule sec  )

-18H + Cll 3.2 x 10                       18
4

-13
H  +

CH2=CH2
3.0 x 10 this work

-11H + SiH 0.8 x 10 this work
4

-10
H + GeH 3.8 x 10 this work

4

It had already been proposed by Niki and Mains that hydrogen atoms react

more rapidly with silane than with ethylene. 19

To shed light on the cause of the remarkably rapid rate of reaction of

hydrogen atoms with silane and germane, estimates have been made of the activa-

tion energies for hydrogen atom transfer using the BEBO method of Johnston20 and

the empirical method of Spirin. When the experimental energies of activation21

derived from the measured rate constants are compared with the calculated22

values, it is seen that the experimental value is less than the BEBO result, but

is similar to the Spirin estimate.

Reaction Calculated E Calculated E Experimental-a -a
BEBO Kcal/mole Spirin Kcal/mole Kcal/mole

H  +  CH                  11 12.8 11.818
4

H  + SiH 6.5 to 8..5 3.7 to 4.3 < 4.6
4

Il + GeH 5.2 2.7 < 2.6
4

It has recently been suggested that hydrogen atoms may add to SiI14 to form
24 SuchSiH5.23  This suggestion had been previously made by Richard Wolfgang.

H + SiH 3  SiH                           (51)45
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a reaction would of course account for the discrepancy between the experimental

activation energy and a calculated value based on a hydrogen-atom-transfer

model for the activated complex. Whether or not addition occurs can be deduced

from the distribution of hydrogen isotopes in the molecular hydrogen obtained

23from the reaction of deuterium atoms with silane:

H-atom transfer, (52)D  +  Sin                  , HD  +  SiH
4                                     3

D-Atom additioniD + SiH ,      S i.114D (53)
4
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SiH4D
S ill + HD (54)

3

SiH D SiIi D + H (55)
4               2        2

We have also used the discharge-flow system to study simultaneously the

2
reactions of the two lowest lying electronic states of atomic chlorine  P3/2

2
and r the latter lying only 3 Kcal/mole above the former.  It is interesting   

1/2'

to   compare the reactivity  of two states so similar in energy   and d iffering  only

in total angular momentum. We have found in reactions with molecular hydrogen

and deuterium, methyl chloride and fluoride, ethylene, vinyl chloride, cis-

and trans-dichloroethylene, and cyclopropane, that there is only a small rate

difference, favoring the upper state of the chlorine atom.  Previous workers have

not examined the reactions of both states under the same conditions.

PERSONNEL

We are extremely fortunate in the ability, productivity and dedication of

the personnel working on this project.  Dr. Gerald Stewart,  ompleting his first

year in Saint Louis has coauthored five strong papers thus far and has done an

outstanding job in his research and in helping students in their work.  Dr.

Stewart will remain for a second year. Mr. Dewey Holten, about to start his

senior undergraduate year at Washington University, and his third year in this

research group, has continued his thoughtful, thorough and enthusiastic research

efforts. In the quality and quantity  of  his  work Mr. Holten  is the equal   of   a

very fine graduate student, a remarkable performance for a student carrying a

heavy undergraduate course load and also working part time as a teacher's assist-

ant in a public high school.

Mr. Kwang Yul Choo, beginning his fourth and last year in graduate school,

has worked successfully both in Saint Louis and at the Brookhaven National,



13

Laboratory.  He will return to Saint Louis this fall to begin his dissertation.

A first-year graduate student, Mr. Ron-Juh Hwang has begun working on the reac-

tions of recoiling silicon atoms for his Ph.D. research, and has already made

good progress in his first few months of laboratory work.

Mr. Michael D. Sefcik, who is completing his Ph.D. at San Diego State

College - University of California at San Diego working on the pyrolysis of

silanes and germanes under the direction of Professor  M.   A.   Ring,  will  join  this

group as a postdoctoral fellow succeeding Dr. Stewart in the summer of 1973.  Mr.

Sefcik has a fine background and has already proven himself to be an able

researcher   in the field.of reactive   silicon and gel:manium intermediates.
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PUBLICATIONS

Four papers have appeared in print in the last twelve months:

1. COO-1713-18 "Silicon, Germanium and Tin Structural Analogs of Carbenes" by

Peter P. Gaspar and B. Jerosch Herold, Chapter 13 in Carbene Chemistry,

second edition, W. Kirmse, editor, Academic Press, N.Y., 1971, pp. 504-549.

2.  COO-1713-22 "A Flow Method for the Study of Silicon and Germanium Atom

Reactions by Direct Spectroscopic Observation," by Peter P. Gaspar, Kwang

Yul Choo, Ernest Y.Y. Lam and Alfred P. Wolf, Chemical Communications, 1971,

1012.

3.     COO-1713-24 "The Chemistry of Recoiling Silicon Atoms. V. Product-Forming

Reactions in PH -Si H Mixtures," by Peter P. Gaspar, Peter Markusch, J.
3   n 2n+2

Dewey Holten, III and John J. Frost, 1. Phys. Chem 76, 1352 (1972).
.-.

4.     COO-1713-27 "Ion Molecule Reactions in Silane,"  by  J.M. S. Henis, G.W. Stewart,

M.K. Tripodi and P.P. Gaspar, 1. Chem. Phys., 57, 389 (1972).

There are four papers in the press:

1.  COO-1713-28 "Ion Molecule Reactions in Silane-Methane Mixtures," by G.W.

Stewart, J.M.S. Henis and P.P. Gaspar, J. Chem. Phys., in the press.

2. COO-1713-29 "Ilydride-Ion Transfer and Isotope Effects in CD4-Silane Ion

Molecule Reactions,"   by G.W. Stewart, J.M.S. Henis   and P.P. Gaspar,   1.    Chem.

Phys., in the press.

3.    COO-1713-30 "The Disappearance of Silyl Radicals in Silane. A Flash Photolysis-

ESR Kinetic Study," by Peter P. Gaspar, Allene D. IIaizlip and Kwang Yul

Choo, 1. Amer. -Chem. Soc., in the press.

4. COO-1713-34 "Inorganic  Ilot Atom Chemistry in Gaseous and One-Component Liquid

Systems," by Peter P. Gaspar and Michael J. Welch, Nuclear Transformations

.in Solids, G. Harbottle, and A.G. Maddock, editors, North Holland, Amsterdam,

in the press.
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Three additional papers have been submitted for publication:

1. COO-1713-31 "Endothermic Ion-Molecule Reactions in Silane,"  by  J.M. S. Henis,

G.W. Stewart and P.P. Gaspar, submitted for publication to J. Chem. Phys.
-I              .-

2. COO-1713-33 "Reactions of Recoiling Germanium Atoms in Germane, Digermane,

and Germane-Silane Mixtures," by Peter P. Gaspar and John J. Frost, submitted

for publication to J. Amer. Chem. Soc.
"3. COO-1713-35 "Implications of Ion-Molecule Reaxtions for Recoil Silicon Studies,

by G.W. Stewart, J.M. S. Henis and P.P. Gaspar, submitted for publication to

1. Chem. Phys.

In addition to the publications listed above, a manuscript, COO-1713-26 was

prepared for a paper presented by the principal investigator at the Sixth Hot

Atom Chemistry Symposium, Erookhaven National Laboratory, September  7-10,   1971.

The  paper was entitled "Primary Reactions of Recoiling Germanium AToms."    Mr.

John'J. Frost  was a coauthor  of the paper.

STATEMETIT OF EFFORT

During the preceding twelve months the principal investigator has devoted

approximately 25% of his time during the academic year to this project and

expects to do so for the three months remaining of the current term of this

research agreement. 100% of two summer months have been devoted to this project

by the principal investigator.
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